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Life and Technology - an expression which could be the marketing slogan of a random
market leading technology enterprise, represents one of the most urgent premises of question
in applied condensed matter physics. How does technology change our daily life?
In the last decades this has never been as obvious as for the course of the microelectronics
revolution [1]. CMOS1 technology had such a tremendous impact on the way we live in
this world comparable to the accomplishment of the electric power grid or availability of
automotive vehicles (see figure 0.1). Today, we can hardly imagine a scenario without a ready
supply of electric power, motorized transport and - of course - computers for our life and
work in our modern society. Even though the establishment of the described techniques
certainly evolved in cumbersome research and development processes, one can readily name
the fundamental inventions, such as the electromagnetic generator by Michael Faraday in
1832 or the perfection of automobile mass production by Henry Ford in 1913, which mark
major milestones of cardinal importance. In the case of the microelectronics revolution
the fundamental finding has been honored and awarded by the Royal Swedish Academy of
Sciences in Stockholm. In 1956 the nobel laureates in physics, John Bardeen, Walter Houser
Brattain and William Bradley Shockley have been awarded the nobel prize in physics [2]
"for their researches on semiconductors and their discovery of the transistor
effect".
Indeed the first working Ge based bipolar transistor, made in the December of 1947 at the Bell
Laboratories, depicts the cornerstone of the todays semiconductor industry, which generates
a total revenue of almost 300 billion dollars world wide in 2010 [3]. The case imposingly
shows, that a particular yet fundamental idea can not only revolutionize a whole research
field but consistently affects our common environment.
The physical principles behind the technology presented in this work share the prospect for
such pervasive changes for our conduct of life. The keywords organic electronics became
an acronym for the adept choice of a novel material class for optoelectronic devices. The
tunable and versatile materials offer a widespread employment in smart windows, transparent
displays, highly efficient lighting application and many further fields of applications. Alan
Jay Heeger, Alan Graham MacDiarmid and Hideki Shirakawa demonstrated in 1977, how the
electrical conductivity in polymeric films could be enhanced by several orders of magnitude
and were in turn rewarded with the nobel prize in chemistry in the year 2000 [4]
"for the discovery and development of electrically conductive polymers".
The use of conducting polymeric compounds, a subclass of organic materials which is defined
by the variable chain length of the hydrocarbon units, has been regarded to be exceptional
for several reasons. First, they share the inherent advantages of organic materials. These are a
1Complementary Metal Oxide Semiconductor, basis for the majority of microelectronic applications e.g. com-
puter processing units (CPU)
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low mass-density and hence light weight, soft intermolecular bonds and hence mechanical
flexibility as well as an easy optoelectronic tunability by the simple exchange or addition of
functional chemical groups. Second, polymers can easily be dispensed into solution thereby
producing an electronic ink. This processing step offers the transition of production technolo-
gies to incredibly fast and non-expensive printing techniques. Thus, conjugated polymers are
believed to yield the final break-through for organic electronic mass production [5]. However,
years before the breaking findings of Heeger, MacDiarmid and Shirakawa the basic suitability
of organic compounds for classical semiconductor devices have been proposed and proven
as it will be explained in the next paragraphs. In order to understand the high versatility of
molecular thin-film-technology as well as its historical dimension, the development must be
tracked back to the work prior to the awarded key study.
Organic thin-films follow a long tradition in the history of mankind from their first usage
as lacquer paints thousands of years ago to photo resists used in the production of modern
microelectronics (see figure 0.2). Despite the fact, that the effect of electroluminescence in
organic crystals has already been found in the early 50s [15], intense research on this subject
just started in the last decades opening a wide market of possible applications that have been
developing within the last few years. After Bernanose et al. showed in 1955 that it is possible to
generate light in acridine orange thin films by applying an alternating high electric field it was
Pope and Kallmann who accomplished the first electrodes for the injection of charge carriers
into organic crystals in 1960 [16]. By employing this configuration Pope and coworkers were
also the first to prove that electroluminescence can be observed for antracene and tetracene
doped antracene crystals contacted with a direct current voltage under vacuum conditions
[17]. Indeed this has been the hour of birth for the first actual manufactured OLED2 device.
Soon the advantages became evident. The novel light sources offered clear and uniformly
bright coloration as well as the prospect of a high yield and hence a high efficiency. The
production costs in turn are believed to remain low, since the materials do not require the
high purity levels which are required for inorganic semiconductor devices and are hence
less expensive. Moreover, organic materials can be processed easily in low temperature
processes which further reduces the fabrication costs. Furthermore, new ideas about novel
and unconventional applications for this recently discovered class of electronics arose. Due
to the softness and thin film suitability of organic materials, mechanically flexible devices
such as bendable displays or large area lighting sources have been envisioned.
Later on, further types of organic electronics were considered. The electronic transport
measurements by Heeger et al. set the outlook for the semiconducting properties of organic
materials [5]. Hence it stood to reason to not only realize simple diode structures but also
advanced semiconductor hetero-structures like transistor devices and in particular field effect
2Organic light emitting diode
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Figure 0.1: Historic technologic breakthroughs. Key inventions and scientific milestones marked the path
to our todays life. The first generator based on magnetic induction was designed in 1832 by Hippolyte
Pixie after a suggestion of Ampere [6]. The subsequent research on electricity culminated in the first long-
living filament light bulbs from Thomas Edison [7]. Meanwhile, the invention of the combustion engine
by Nikolaus August Otto [8] eventually yield the mass availability of automobiles, best represented by the
Ford Model T, "Tin Lizzy" [9]. Bardeen, Brattain, and Shockley were awarded the noble prize in physics
for their invention of the first transistor [10]. Without their contribution the "microelectronics revolution"
would not have taken place. While many microprocessor based computers were invented in the 1970s’, the
Commodore PET2001 was the first completed retail system to be available to a broad public [11]. In 1987
Tang and van Slyke produced a fully working green emitting OLED device (picture similar) at the Eastman
Kodak Company [12].
Will this first functional OLED denote the begin of a new technologic era in which our concepts on lighting,
mobile power generation and digital life change throughout [13, 14]?
transistors (FET). The first organic thin film transistor (OTFT) which has been produced in
1986 impressively demonstrated the predicted suitability of organic compounds for conven-
tional electronics [18]. Nowadays, high charge carrier mobilities in the order of 1 cm2/VS have
been found which compare well to those in amorphous silicon (a-Si) [19]. However, it became
evident that these materials are highly unlikely to replace their inorganic counterparts in ev-
ery solution as for instance in high performance CMOS technology. But again the mechanical
4
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flexibility promises the use of organic transistor devices for active matrix elements in large
bend- and rollable displays [20]. In addition specialized sensor applications such as elastic
touchpads and versatile chemical sensors have been envisioned [21]. The cheap production
costs render OTFTs to be ideal candidates for so called ’low budget - low performance’ devices.
The performance requirements for RFID tags 3 for instance are not exceptionally demanding,
while the disposal nature depicts a need for non-expensive components.
In the subsequent step the combination of low expenses and a high power-light conversion
efficiency of OLEDs lead to the question, if organic films could be employed for alternative
solar cell concepts. Indeed the occurrence of a measurable photovoltage was observed even
earlier by Kearns and Calvin in 1958 [22]. The inversion of an OLED type structure to an effi-
cient heterojunction organic photovoltaic device has successfully been accomplished by Tang
in 1986 [12]. Even though the maximum efficiency of a stack of copper phtalocynanide and a
perylene tetracarboxylic derivative was comparably low (0.95 %), a constant improvement
for alternative material combinations and cell geometries as well as advancing processing
conditions took place. Nowadays laboratory organic solar cells reach efficiencies of up to
9.2 % [23].
A detailed description of the most recent developments and achievements as well as a
scientific benchmark on the different types of organic electronic devices will be given in
the respective sections of this work. Regarding the aforementioned exemplary applications
various realizations hit full market readiness already. OLED light sources can be purchased in
different designs, from numerous companies (e.g. Philips, Osram, ...) whereas the modern
Galaxy series smartphone from Samsung rely on a complete OLED display. New enterprises,
like Konarka and Heliatek, which sell functionalized organic photovoltaics (OPV), emerge
and access the complex energy market.
Yet, the full potential of organic electronics has not been unraveled. Future application
include the realization of semi and virtually fully transparent devices. Visions of large area
transparent touchscreens as they have been presented in the context of popcultural science
fiction media come into reach. Fully transparent OLED devices can indeed initiate the new
age of augmented reality. The network infrastructure has drastically improved within the last
decade, providing an almost perfect information interchange for each individual user. This
infrastructure depicts the foundation for a projection of virtual layers into viewed sceneries.
A best example is given by the instant translation software "word lens" for the apple iPhone
[28]. However, the terminal equipment can be improved drastically. Here, the ideal solution
would be a windowed OLED display, through which the real scenery remains visible, while
3Radio Frequency Identification Tag, a miniature processor and antenna employed to label goods for easy
packaging and store handling
5
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Figure 0.2: The tradition of organic film coatings can be traced back to the cradle of civilization in ancient
china. (a) Since 1500 BC the resin of the lacquer tree served as source for a durable polish on tools, pottery
and furniture [24]. (b) Around 3500 years later, since the 1960’s, research on organic electroluminescent
layers enlightens the avenue towards a novel electronic technology [25]. (c) Lightweight and bright displays
as well as highly efficient large area lighting sources are readily found on the market and depict the current
hallmark of the uprising industry [26]. (d) Yet organic solar cells and organic thin film transistors are under
constant development. Many future applications are already envisioned but still performance, durability
and cost efficiency are required to complete market readiness [27].
an additional information layer is visualized. Hybrid devices for home window coatings,
which act as solar cells during daylight and light sources during evening hours, mark another
ultimate aim of organic electronic technology. The implementation of such applications can
be regarded as a major stepping stone to accomplish smart homes and energy saving office
buildings. Again, combined organic electronics promise to revolutionize our environment
as we know it. However there are still specific issues that need to be met for a finalization
of the described developments. The three main obstacles for a high yield production of
standardized organic electronic devices are:
(i) Downgrading of production costs. The best performing dyes are still relatively costly in
synthesis and purification. Furthermore the regular LCD production technology cannot
be adapted exactly as it is. Hence, alternative but yet promising fabrication schemes are
being optimized [29].
(ii) Lifetime of the complete unit. Up to this point in time the durability marks a major
weakness of OLED,OTFT and OPV. They are susceptible to degradation effects induced
6
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by humidity, oxygen and UV-light [30].
(iii) Overall performance enhancement. Especially for organic thin film transistors and
organic solar cells the achievable performance is far off from the physical limit. However
the standard equations from conventional semiconductor industry cannot be directly
applied to the new material class. Hence a fully novel description of the electronic
processes is required to estimate the final scope of organic electronics.
While the potential outcome and commercialization prospect in the fascinating field of
organic electronics defined a vast driving force for the efforts in industry, many research
and development opportunities still remain. Whereas many obstacles have already been
solved by trial and error approaches, the knowledge of the physical effects dominating the
optoelectronic behavior of the devices are mandatory to solve the aforementioned challenges.
This work will focus on a specific region of the thin film device ensemble. In particular the
interface and the boundaries of the functional system are believed to be a main source for
limiting the properties and performance of the whole device [31]. The study at hand explains
the physical processes at interfaces in OLED/OTFT/OPV structures as well as with specialized
measurement and calculation techniques to model the respective layer junctions. Further-
more the work ventures for systematic interface improvements in organic electronics which
might one day find its way into a standardized fabrication procedure.
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Introduction
1.1 Motivation
1.1.1 Researchers View on Requirements for High-Performance
Organic Optoelectronics
In order to grasp the importance of interface physics and the impact on the previously
addressed technology demands, the basic working principles of a conceptual organic op-
toelectronic device needs to be considered. The working principle of a typical OLED is
depicted in figure 1.1. Strictly speaking the OLED consists of one or multiple thin organic
layers with a thickness in the order of tens to hundreds nanometers. This emissive layer is
sandwiched between two electrodes of which at least one is transparent in the visible range
for the outcoupling of light. For the operation of the OLED the device is biased and hence an
electric current is conducted through the emissive layer which leads to the aforementioned
phenomenon of electroluminescence. The whole light emission process in an OLED can
basically be explained by a four step sequence.
(i) Charge Injection. Free charge carriers (electrons e and holes h) are injected at the
interface between the inorganic contact electrode and the organic layer. The contact
resistance is strongly correlated with the electronic barrier height [32].
(ii) Charge Transport. The injected charge carriers traverse the organic layers until recombi-
nation processes take place. The applicable description of the charge transport ranges
from hopping transport for low-conducting amorphous films to band transport for
single crystalline layers [33, 34].
(iii) Exciton Generation. Localized excitonic states are formed by the coupling of an electron-
8
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Figure 1.1: OLED working principle. Classically an organic layer is sandwiched between a transparent
conductive oxide (TCO) and a metal electrode. While following a complex mechanism, the light generation
process in an OLED can be divided into four subsequent steps depicted in this schematic cross-section.
i) Charge Injection from the inorganic electrode into the organic layer. ii) Charge transport through the
organic film. iii) Exciton generation by the formation of electron-hole pairs. iv) Eventually the exciton
recombination is accompanied by the emission of photons.
hole pair. These excitons are still mobile and generally follow complex dynamic schemes
also covering the combination and annihilation of multiple excitonic states [35].
(iv) Exciton Recombination. Light emission directly results from the radiative recombination
of the previously formed exciton. Still the optical band gap, which defines the photon
energy, is governed by the molecular properties [36].
Current efforts in research focus on these different aspects for the improvement of the device
performance based on the respective steps. One of the most advanced ideas circle around
the question on how the immediate emission of the generated light (iv) can be enhanced. In
a multilayer system this can be accomplished by the choice of a well matching combination
of layer thickness and refractive indices [37]. Extra layers that solely serve the purpose to
condense the exiting light rays can therefore be implemented. Facets are added on top of
these cavities in order to enhance the outcoupling and suppress internal reflections [38]. Even
though considerable successes in performance improvement have been made, the issue of
early device degradation as well as meaningful cuts in the production costs are rarely covered
in these approaches. However, studies exist, which describe the comprehensive effects of
funcitonalized encapsulation layers that act as light guides and as protective coating against
9
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environmental influences [39].
There exist several means to monitor exciton recombination and propagation (iii) in organic
layers. Of course optical measurements, mainly absorption and photo- as well as electro-
luminescence spectroscopy, are employed for the determination of exciton dynamics. The
principal strategies usually deal with the elimination of non-radiative loss channels, to in-
crease the internal quantum yield. While highly fluorescent and stable dye emitters are
readily available the main challenge comes with the electronic excitation statistics. Only 25 %
of the excited states are singlet states which decay radiatively, whereas the remaining 75 %
are triplet states which undergo only forbidden optical transitions at the respectively low
transition probabilities. Thus, current efforts aim for highly efficient phosphorescent emitters
that access light emission from these triplet states [40]. First achievements have been made
with dopants, spacer layers and cross-faded layers [37] [41].
The choice of the appropriate material composition also directly affects the transport of
charge carriers (ii) through the device. Generally an electron donating system shows n-type
transport characteristics while p-type transport dominates in an electron accepting material.
Beside these molecular properties also the stacking and ordering is known to show a huge im-
pact on the electronic characteristics. Still, the description of electronic transport in organic
semiconductors is a research field on its own. Numerous models have been developed to
describe charge transport in pristine crystalline systems as well as in disordered amorphous
layers [34]. Moreover, organic thin films in OLED devices - usually counting to the latter -
show a very specific challenge. Charge carriers are required to propagate without deteriora-
tion to the emissive layers but reside there long enough to recombine with their oppositely
charged counter part. Practically, this is achieved by the employment of stacked electron and
hole transport and respective blocking layers [42].
The question regarding charge carrier promotion directly leads to the most critical com-
ponent of the OLED cell. The carrier injection (i) at the thin film stack boundaries plays a
dominant role in replenishing recombined charges. The interface between the inorganic
electrodes and the adjacent organic layer determines the injection rate. Therefore all aspects
of the electronic coupling define the most crucial topics in current research activities on
organic electronics [32]. As a general rule of thumb a common strategy involves the align-
ment of the work function of the inorganic substrate to the frontier molecular orbitals of
the adjacent organic film [43]. Indeed it has been shown that in several cases this alignment
reduces the charge transfer barriers [44, 31]. Yet it was not possible to prove this to hold for
any combination of organic/inorganic interface. Eventually the complexity of the system
requires another more advanced approach. Beside the involvement of the bare alignment of
the respective frontier molecular orbital and the work function the interplay of all electronic
states in vicinity of the Fermi level must be regarded [45, 31]. If an organic semiconductor
is brought in contact with a metal surface or conductive oxide a whole set of different align-
10
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Figure 1.2: OPV working principle. An organic donor/acceptor heterojunction is placed between a trans-
parent conductive oxide (TCO) and a metal electrode. The photocurrent generation in the device merely
depicts the process of an inverted OLED. Hence, the sequence of the process steps are reversed. i) Light
absorption in one of the organic layers. ii) Exciton diffusion, recombination and annihilation at highly
dynamic rate constants. Exciton dissociation at the donor-acceptor interface into a free electron e and hole
h eventually leads to generation of free charge carriers. iii) Charge transport of the mobile charge carriers
through the organic layers. iv) Finally the free charge carriers need to overcome the energetic barriers at the
contact in order to contribute to a measurable current.
ment processes can be reasoned. Furthermore, the bottom electrode conventionally serves
as a substrate for the layer formation in thin film growth. The surface energetics become
especially important for the first deposited layer and determine whether the molecular film
will wet the substrate or cluster into small islands. This in turn will affect the growth of the
subsequent layer and hence the packing of the complete cell stack.
Remarkably, the situation is very similar for organic solar cells (OSC) as depicted in figure
1.2. With a similar layer stacking the exact reverse effect is utilized for power electric power
generation. As a main difference usually a hetero junction of organic layers is sandwiched
between two electrodes of which one is transparent. The heterojunction may be flat or
come as two intermixed layers in a bulk heterojunction. The ideal cell geometry is still an
issue of current research and engineering. Very specialized concepts such as tandem cells
which consist of two stacked heterojunctions with spacer layers and a third electrode are
being investigated [46]. Still, analogously to the OLED the fundamental research deals with
following issues of the working principle.
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(i) Light Absorption. To start with, the incoming photon is required to be absorbed in
the organic layer. Thereby an exciton is generated, ideally in close vicinity of the or-
ganic/organic junction. The separation of the bound electron-hole pair leads to the
generation of free charge carriers [47].
(ii) Exciton Dynamics. Before the aforementioned exciton dissociation takes place, the
generated excitons are subject to diffusion and mutual annihilation and recombination
processes [48].
(iii) Charge Transport. As soon as the charges in the exciton are separated at the organic/organic
interface, the free charges are driven towards the electrode by the built in voltage [49].
(iv) Charge Extraction. After having reached the respective electrode the charges are required
to overcome the extraction barrier in order to contribute to the measured current which
translate directly into the generated power and hence cell efficiency [32].
One of the simplest means to improve the light absorption of the cell (i) is the choice of the
organic absorber. Therefore, chemists are optimizing molecular compounds with comple-
mentary absorption coefficients in order to achieve high absorptance in organic blends for the
solar spectrum [50, 51]. Moreover, novel photonic concepts are under current development
in the photovoltaic community, in order to improve the collection efficiency of light inside
the cells based on organic materials. The idea behind mainly deals with the distribution of
the electromagnetic field of an incoming photon. This might be altered by microstructured
surfaces and facets, spacings with transparent layers, or the incorporation of metal particles
which lead to an absorption enhancement by plasmonic excitation [52][53].
Analogously to the processes in OLED devices the aspect of exciton dynamics (ii) is under-
stood mainly qualitatively for OSC. Many authors agree, that exciton dynamics however
are even more important in photovoltaic systems as the performance strongly relies on the
rates at which excitons reach the interface [51]. On the hand, researchers are dealing with
exactly modeling the respective conversion rates between different types of excitons, like
geminite charge transfer excitons, self-trapped excitons, excimers, exiplexes, singlets and
triplets [54, 48, 55, 56]. On the other side the nanomorphology of the thin films as well as the
local molecular electronic properties are optimized to achieve most stable exciton propaga-
tion [57, 58]. From these findings the importance of the control of the nanomorphology in
the fabrication process is derived. Credgington et al. for instance describe a detailed route
to tailor solar cell characteristics for a significantly improved performance by the correct
adjustment of processing parameters [59].
Almost equally important, the aforementioned optimization steps of employed molecular
species and structural parameters do not only influence the dynamics of electrically neu-
tral excitons but of the separated charge carriers. Thus, the charge transport through the
12
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organic layers (iii) is being optimized by similar means. In contrast to OLED devices the
charge carriers ought to be drawn away from the interface without any recombination event.
Hence, transport in the crystalline phase, which is favored for most organic layers in OPV
devices, becomes an important aspect of research activities. In the newest development a
close connection between transport and the three dimensional stack morphology is investi-
gated [60, 61]. Besides, the regime of charge carriers at low voltages requires an alternative
description as in OLEDs [49].
The exhaustive role of interface effects at the organic/inorganic interface is still subject to a
controversial discussion. Clearly, the extraction of free charge carriers (iv) is influenced by
the electronic coupling between the organic layer and inorganic electrode. Analogously to
the process in OLEDs the situation is estimated by the match between the respective work
function of the contact material and the frontier molecular orbitals of the adjacent organic
film. The latter can also be expressed by the ionization potential (IP) of the donor material
and the electron affinity (EA) of the acceptor, respectively [32, 43]. However, in his account of
chemical research Bredas points out, that a more sophisticated description of the interfacial
region is required. Interfacial charge-density redistributions, geometric modification as well
as possible chemical reactions strongly affect the alignment of the relevant electronic orbitals
of the organic compound with respect to the electrode Fermi level [56, 62]. Furthermore,
as for OLEDs, the energetics at the interface tend to influence the subsequent layer growth
and hence the overall morphology and structure of the OPV films. These, in turn, determine
the optoelectronic properties as stated above. Instead, the true controversy of the electronic
alignment process at the interface range beyond those first two aspects. Due to the low volt-
ages, at which the OSC is operating, it is not obvious in how far a mismatch in the electronic
contact influences the electric field gradient in the device. Again, this directly affects the
open circuit voltage, one figure of merit for the efficiency of solar cells. Several studies could
elicit the limits of the open circuit voltage by tailoring the work function of the electrode
material [63, 64]. However, other groups could show that mainly the donor/acceptor interface
between the organic film fully determine the open circuit voltage [65, 66, 67]. Still, in very
thin films the electronic alignment at the interfaces can be forwarded by band bending to the
exciton dissociation zone [32].
Finally, the organic thin film transistor (OTFT) attracted a lot of interest in the field of
research (see figure 1.3. Beside solely serving as a test structure for the determination of charge
transport characteristics in organic electronics, there is a tremendous outlook for flexible
and cost saving electronics. The device mainly consists of a set of (inorganic) electrodes, a
gate dielectric and a semiconducting organic layer in a typical field effect transistor structure
[21]. Beside the regular application as a less expensive and mechanically flexible transistor,
devices which combine OTFT and OLED characteristics are under development [68]. With
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Figure 1.3: OTFT working principle. In this strictly reduced schematic only one type of charge carriers
(electrons e) are depicted. For the sake of simplicity the gate electrode underneath the dielectric layer is
only adumbrated in the image. i) Charge carrier injection and extraction at the metal electrode into/from
the organic layer. The energetic barrier at the interfaces leads to a contact resistance. ii) Charge transport of
charge carriers through the conductive channel. The charge carrier mobility µ is the primary characteristic
to determine the performance of the transistor. Intrinsic conductance properties of the organic material
as well as structural and impurity related defects are included in this field- and temperature dependent
quantity.
respect to the scientific point of view two major aspects distinguish the OTFT from a regular
TFT.
(i) Charge Injection/Extraction. The issue is in common with the previously discussed
OLED and OPV devices. Once the channel becomes conducting due to the applied
gate voltage, charge carriers ought to be injected and extracted at the source and drain
contacts efficiently [69].
(ii) Charge Transport. Within the conducting channel the free charge carriers are driven in
the direction of the applied source-drain bias. This process is accompanied by various
effects as trapping at molecular sites occur. Yet, for the vast class of organic solids a set
of unifying equations to account for all transport phenomena is not available so far [34].
The performance of an organic thin film transistor is directly related to the overall transport
characteristics which comes with (i) and (ii). However, the charge carrier mobility of the
intrinsic organic material has become the figure of merit of the charge transport (ii) for
an efficient device operation. Strategies in improving the charge carrier mobility instantly
involves the search for suited materials, which usually show a distinctly high crystalline
order and overlapping pi-electron systems [70]. In consequence the structural parameters
of the organic thin film become of uttermost importance for high performance devices [19].
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Strategies in improving the structure and nanomorphology include parameter variations
during the growth process, pretreatment of the substrate surface and post treatment of the
deposited film [71] [72]. Another equally important goal of these engineering steps is the
elimination of impurities. In the picture of transport theory - both polaron and disorder
models - those depict trap sites which act as lethal sinks for the device performance [34].
For miniaturized devices the transport properties in the channel become less important
to the actual charge injection at the contact electrodes [73]. The early proposed contact
resistance indeed leads to a gate voltage dependent mobility as the charge density is changed
with the injected charge carriers. Gundlach and coworkers were able to quantify the direct
implications of contact resistance on the overall transport properties of the full device [74].
However, they also showed that charge injection is strongly dependent on the choice of
the contact metal in a nontrivial way. Operation and performance of the device were also
dominated by the respective design and processing parameters. Still the influence of energy
alignment processes in the band diagram remained unclear to this point in time. Yet a
significant improvement with alternative electrode designs and electrode materials was
successful attempted by further groups [75, 76, 77].
1.1.2 Interface Engineering as Immediate Focus of Research in this
Work
In conclusion, one can see that a vast number of aspects needs to be considered in order to
tune the performance in the set of described organic optoelectronic devices. Some properties
such as the high absorbtance in the visible spectrum in OSC are unique for each application,
while for instance the charge transport is a general issue to be optimized for all devices. In
particular one spatial region in the given devices can be identified to be commonly crucial to
all - devices and research efforts. This is to say the interface between the organic layer and the
inorganic contact. On the one side, the growth at the contact influence the microstructure of
any subsequent film and hence its respective optical and electronic properties. On the other
side, the contact interface determines charge carrier injection and extraction which in turn
globally influences the performance. Tailoring the contact is therefore the key strategy to the
ideally optimized device.
In particular the electronic alignment at the interface became the focus of interest in many of
the aforementioned studies. One of the most simple but yet impressive way to dramatically
change the electronic properties of the contact is given by the application of self-assembled
monolayers (SAM). A contact metal is coated with a single layer of an organic material. There-
fore the material is required to exhibit a chemical end group which is strongly attracted to the
metal in order to form a stable bond. The first to utilize this technique in organic electronic
devices was pursued by Campbell and coworkers in 1996 [78]. They applied a SAM of simple
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Figure 1.4: Fundamental concept of a conventional Organic/Metal junction (left) and the self-assembled
monolayer (SAM) modified alternative (right). In the first case a distinct mismatch between the metal work
function and the LUMO1 impedes an efficient electron injection/extraction at the interface. Furthermore,
differences between the energy of the HOMO 2 EHOMO and the metal work function Φ
3 usually induces
self-trapping and barrier formation effects in the first layers which are non-beneficial for hole injection.
In the functionalized and for electron transport optimized surface the adsorbed monolayer leads to an
adjustment of the work function to match the energetic eigenvalue of the LUMO ELUMO of the subsequently
deposited organic film.
alkanethiol molecules on top of a silver surface in order to adjust the Schottky barrier. In his
publication Vondrak describes the implication of SAMs on molecular electronics [79]. From
then on, attempts were made to tune the molecular surfactants which are mostly thiolate
layers on gold surfaces. The resulting layer of effective dipoles directly affects the electrostatic
potential and hence work function of the underlying metal surface. A potent mean from
the perspective of synthetic chemistry to control this dipole layer is given by interchanging
molecular moieties in the adsorbates; e.g. by a partial fluorination [80]. In the last five years
many groups started the work in accurately modeling the electrostatic changes for such sys-
tems with comprehensive calculations and adjusted the simple model of a Schottky barrier
[81, 82, 83, 84]. Even the application of molecular SAMs to transparent conductive oxide
electrodes is now in reach and broadly discussed for the usage in fully and semitransparent
devices [85, 86].
However, it is known since the fundamental work of Aviram and Ratner in 1974, that in
single molecular junctions dedicated transmission functions for electron transfer statistics
can be formulated [87]. The interplay between the molecular states and the metal bands
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upon adsorption becomes of vital importance for such a picture, though. Basically, a mixture
of delocalized metal Bloch functions and localized molecular orbitals must be described
with sufficient accuracy. Thereby, the emergence of strongly coupled molecular states in
the SAM/metal system can be utilized and lead to high conductances in a mixed resonant
charge transfer and tunneling regime [88]. Although it must be admitted, that the description
of the complete electron transfer process from an organic layer across a SAM into a metal
surface depicts a challenging model system. Especially the differentiation between resonant,
coherent and even non-coherent electron scattering processes requires very different levels
of theory. However, considering the molecule-metal interaction regimes introduced by Braun,
a reduced scheme can be generated which is depicted in figure 1.4 [89]. Within this concept
a organic/metal junction is shown that experiences a distinct transport gap for electrons
between the Fermi level EF of the metal and the LUMO level ELUMO of the organic layer. By
the application of a SAM the work functionΦ is altered such that the barrier is significantly
reduced. Beside this electrostatic effect, the alignment of the molecular orbitals of the SAM
become of particular interest. In an ideal scenario the resulting valence structure of the
SAM/metal system enables an effective electronic coupling to the occupied orbitals of the
organic layer.
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Figure 1.5: Falkirk wheel in southern Scotland. The rotating lift replaces a system of 11 locks and can be
seen as the trademark analogon for efficient coupling agents between potential steps [90].
1.1.3 A Novel Approach from "potential steps" in the Macroscopic
World
The previously described construction has a prominent analogon in the macroscopic world.
It actually goes back to ever present challenges in logistics of basic civilizing and cultural
development. Waterways have always been a crucial infrastructure for settlements and
transport routes. However, potential differences, i.e heights, always denoted serious obstacles
for any kind of float and ship. The invention of lock systems facilitated a prosperous trade
and transport across these barriers.
The Rivers Clyde and Forth are located in Scotland in the region between Glasgow and
Edinburgh. The connecting Forth and Clyde Canal is about 24 m lower in altitude as the
adjacent Union Canal. Hence in the region of Falkirk a system of 11 connected locks over a
length of 1.5 km was required to bridge this level difference. In May 2002 the Falkirkwheel (see
figure 1.5) was opened, to connect the two canals. The rotating boat lift can move its carriage
within 5.5 min from top level to ground and vice versa. The process consumes but 1.5 kWh
in energy, as the caissons are always balanced due to Archimedes’ principle [91]. One of the
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Figure 1.6: Concept art of molecular engineering at organic/metal interfaces. Therein the complex mecha-
nisms regarding charge transfer are reduced to the fundamental question - Which is the perfect molecular
gearing to facilitate efficient charge carrier leverage across a potential step V (z)?
important aspects of this example is that with smart engineering apparently insurmountable
potential steps can be vanquished.
Therefore a similar concept is found for the fundamental subject matter of this work resulting
in a very specific task. By refining the term "molecular engineering" an ideal coupling agent
for an energetically low lying electron reservoir of the metal to a higher lying channel in
the organic layer is searched. This coupling agent in form of a self-assembled monolayer is
required to connect the electronic systems on both sides to facilitate an efficient electron
transfer through the modified interface. The concept art in figure 1.6 tackles the fundamental
issue: Is there a molecular Falkirk Wheel?
1.2 Outline
With the clear task of finding and explaining the mechanisms of interface engineering the
structure of this study may be outlined. To start with, in chapter 3 the theory of organic
semiconductors is introduced. Beside the description of the intrinsic properties of the molec-
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ular compounds, the influence of interactions within the solid phase in organic thin films is
discussed. Special care is taken to introduce the compounds (Pentacene and PTCDI-C13)
which are employed in this work. Afterwards the theoretical approaches of organic electronics
are described in more detail. Especially the interfacial region between organic layer and
inorganic electrode is discussed in detail.
In chapter 4 the theoretical modeling of the interaction regimes at these interfaces is elabo-
rated. The different possible coupling scenarios require a detailed differentiation between
the underlying molecule-metal interface interaction. In the regime of strong chemisorption
the particular case of thiolate monolayers on noble metal surfaces is described. Moreover,
the implications on the surface energetics and the subsequent growth of evaporated thin
films is explained.
The investigation of the aforementioned systems requires a dedicated set of experimental
methods. In chapter 5 the primary tools with their respective working principle that are
employed in this work are elucidated. Specifically, Photoemission Spectroscopy (PES) proved
to be a powerful tool to directly map the electronic structure of surfaces and unravel dis-
tinct interfacial signatures in the electronic landscape of a sample. Complementary to this
Fourier Transform Infrared Spectroscopy (FTIR) and contact angle measurements reveal the
existence of surfactant molecules and the energetic landscape. The analysis of the sample
structures require the decisive infrastructure of an ultra high vacuum system. The detailed
description includes the equipment which was utilized at the National Institute of Standards
and Technology (NIST) in Gaitherburg, MD, USA as well as the setup which was installed in
the scope of this work in the I. Institute of Physics (IA) at the RWTH Aachen University in
Aachen, Germany.
Still, the interpretation of the findings generated with these tools requires a decent level
of theory. In chapter 6 the use of density functional theory within this context is derived.
The detailed modeling of the interfacial region leads to a comparative experimental and
theoretical study. Not only does this enable a precise description of the physical principles in
these systems but also allows predictions of possible design routes for optimized molecular
engineering parameters.
In chapter 7 the actual sample preparation and complementary thin film characterization
steps are listed. Both the instrumentation at NIST and of the Institute of Physics employed
during this work are presented. Furthermore the fundamental preparation routines and
analysis schemes are discussed.
Chapter 8 marks the first chapter which presents and discusses the findings which are
generated in this work. Following the previously formulated task of molecular engineering the
coupling between gold surfaces and thiolate as well as dithiolate linker groups are investigated.
More precisely, the SAM formation of benzylmercaptan (BM) and dithiobenzoic acid (DTBA)
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Figure 1.7: Research outline of dithiobenzoic acid (DTBA) and benzylmercaptan (BM) surface functional-
ization in organic optoelectronic devices. In the first step the SAM formation and electronic alignment for
BM and DTBA is investigated (I). Therein the focus is put on modeling the differences in the valence band
structure between the two adsorbates. Secondly, the influence on device performance is tested in OTFT
test structures which are fabricated with either no modification, BM SAM covered electrodes or DTBA SAM
covered electrodes
Figure 1.8: Investigation scheme of dithiocarbamate (DTC) surface functionalization in organic optoelec-
tronic devices. First the SAM formation of DTC molecules on gold is investigated in detail (I) in order to
describe the electronic alignment process. In (II) the growth of a common active organic layer material - in
this particular case PTCDI-C13 - is investigated on top of unmodified and functionalized gold surfaces to
account for structural changes. In the final step (III) the performance and characteristics of complete OTFT
devices with and without electrode modifications are compared.
is compared. Both molecules share a common phenyl backbone but differ in the linker end
group. The single sulfur atom in BM is substituted by a double sulfur (dithio) moiety in DTBA
which is expected to form a resonant bond structure with the substrate beneath. At first,
the electronic structure of the SAMs is characterized. Especially the electronic alignment
process of the frontier molecular orbitals and the work function are discussed. In the second
step the two different molecules are employed as electrode functionalizations of pentacene
based field effect transistors. The performance of the transistors as well as their suitability
for ambipolar transport is compared to values found in unmodified transistors. Thereby the
considerable differences found for the electronic alignment within the two SAM systems are
summarized in the concluding discussion. The complete investigation concept is visualized
in figure 1.7. Eventually the question will be answered if the carbodithioate linker group can
advance to be a new benchmark coupling group to enhance ambipolar transport in organic
electronic devices.
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In chapter 9 the results on the dithioate linker group are picked up. Dithiocarbamates
(DTC) depict a novel class of molecules in the context of metal surface functionalization. In
an approach to combine the resonant linker qualities of the carbodithioate, a high polarity
of the C-N bond as well as the robustness of chelating agents, the SAM formation of these
compounds on noble metal surfaces is pursued in the first step. Second, the characteristic en-
ergy level alignment in the DTC SAM on gold is determined. Thereby a record value of 3.2 eV
for the resulting work function is discovered and explained by a surface potential analysis
at the level of DFT theory. Third, with the prospect of significantly increasing the electron
injection into n-type organic semiconductors the impact on PTCDI-C13 thin film transistors
is studied. Thus, the growth of vacuum deposited PTCDI-C13 on DTC covered gold surfaces
is compared to the growth on unmodified gold substrates. Special focus is put on the tracing
of morphological and structural changes which could influence the result. Eventually, the
performance of PTCDI-C13 based OTFTs is directly compared for DTC covered and uncoated
electrodes. The whole progression of the research activity is depicted in figure 1.8. The use
of DTC monolayers as efficient coupling layers at metal and n-type organic semiconductor
interfaces is evaluated.
In chapter 10 the results of the studies on DTBA and DTC are summarized. An estimation in
how far the novel dithioate coupling group could possibly denote a new area in molecular
engineering is given. In a brief outlook further prospective studies on carbodithioate and
dithiocarbamate terminated molecules are motivated. On the one side the profound under-
standing of these systems can be expanded. On the other side similar concepts could also
be devised at the contact interface to transparent conductive oxides. Therefore, a possible
design rule will be sketched.
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Organic Electronics
Organic thin-films follow a long tradition in the history of mankind from their first usage as
paints thousands of years ago to photo resists used in the production of modern microelec-
tronics. Despite the fact, that the first OLED device has already been accomplished in the early
60’s, intense research on this subject just started in the last decades opening a wide market of
possible applications that have been developing within the last few years. This chapter shall
give an introduction on the physical properties characteristic for organic materials employed in
modern optoelectronics. In addition, the mathematical formulation of the working principle
of the devices is discussed.
2.1 Organic Semiconductors
In this section the physical properties of organic semiconductors are introduced. Even though
there are millions of molecular compositions known in standard databases [92], the materials
in the class of aromatic molecules used in OLED and OFET production share remarkable
structural, optical and electronic characteristics. These are introduced for several exemplary
molecules including the molecules examined during this thesis. A more detailed description
is found in the work of Schwörer, on which the subsequent explanations are based upon[93].
2.1.1 Material Classes and Compounds
Organic molecules consist of carbon C and hydrogen H. Besides, nitrogen N and oxygen O
are often contained in organic molecules, while halogens are incorporated in highly reactive
molecules. In addition, there exists a vast set of organic hybrid molecules, which exhibit
metallic atoms in their molecular structure. In comparison with solids from purely inorganic
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matter, the low Z count1 of organic materials and the large and complex structure of the
molecules results in a very low density. This brings them into a special position regarding
their interaction with outer influences, like stress, photons, electrons, neutrons and atoms
but also the interaction among themselves. The change of such fundamental properties
leads to several challenges but also chances with respect to the application of these materials
in the field of electronics. Since organic matter exhibits weak chemical intermolecular
bonds, only low processing temperatures are necessary to break the bonding and evaporate
the material. However, the final product is also not as stable as its inorganic counterpart
with respect to physical tension or incoming electromagnetic radiation, for instance. Thus
encapsulation, degradation and lifetime still remain as the main challenges in the processing
of organic materials within this application field. Of course these physical properties also
affect the measurement methods conducted to examine and classify these materials and lead
to characteristic features in the measured data. The evaluation of this data can be challenging
but also offers chances to extract even more precise and relevant information than in the case
of similar inorganic samples.
Two classes of organic molecules are the focus of the recent electronic developments and
research.
• Polymers
• Oligomers
The class mentioned first, the polymers, consists of long chains of specific monomers in
variable arrangements. In polymers the number of subsequently connected monomers and
in turn the overall molecular weight is not well-defined. Some chains can reach a length of
102−106 connected monomers for synthetically produced polymers to up to 109 monomers in
the DNA. Plastic and rubber synthetics like polyvinyl chloride (PVC) and polymethylmethacry-
lat (PMMA) are prominent representatives of this material class. Since the molecule chains
can be distorted and bended easily, the macroscopic material often exhibits an extraordinary
elasticity.
There exist numerous conjugated polymers2 which are employed in the fabrication of OLEDs
and are already well established in several optoelectronic fields. Those are not the focus of
this study.
The other class, oligomers, consists of molecules with only few monomers and a well-defined
molecular weight. An important subclass are the ’small aromatic molecules’, which con-
sist of a highly conjugated and delocalized pi-electron system. They are relatively small in
1Therein Z denotes the atomic number
2The term conjugation is used as a description of highly delocalized pi-electron systems and plays an important
role for optoelectronic applications
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Figure 2.1: The sp2-hybridization results in three sp2-orbitals lying in one plane from the combination of
the s-orbital and the px - and py -orbital. The pz -orbital remains unchanged at its former position. In the
case of carbon each orbital of the second energy level is now occupied by one electron. After [93].
comparison to most polymeric compositions and macromolecules like proteins, which can
reach sizes of 106 atomic masses. Thus, they are promising candidates to form thin, smooth
and densely packed films with a large number of saturated pi-bonds. This results in higher
quantum efficiencies for OLED devices and higher charge carrier mobilities in OTFTs, which
are discussed later in this chapter. In addition the growth and structure of these molecules is
still easy to study and therefore offers the chance to be understood and modeled more easily.
A profound understanding of the behavior and interactions of these molecules could open
the door to a unique theory about the structure of organic solids.
The most simple aromatic organic molecule is the well-known benzene ring with the molec-
ular sum C6H6. The system is one of the best examples for the sp2-hybridization in the
electronic system of carbon atoms. In the sp2-hybridization the electronic configuration
changes from the fully occupied 2s-orbital and partly filled 2p-orbitals to three sp2 hybrid
orbitals and one remaining pz -orbital occupied by only one electron, respectively (see figure
2.1. These orbitals form bonds to two adjacent C atoms and one H atom within one plane
resulting in an angle of 120 ° between the bonds. The last p orbital, the pz orbital, is orientated
perpendicularly to the plane of the sp2 bonds and filled with one electron. The two elec-
tronic systems can be separated due to their orthogonality. The sp2 orbitals form a localized,
covalently bonded σ-electron system, while the pz orbitals form a pi-electron system. The
pi-electron system is completely delocalized over the length of the benzene ring and stabilizes
the whole molecule (see figure 2.2).
The next smallest planar aromatic molecule is naphthalene C10H8 consisting of two adjacent
benzene rings. The pi bonds at the two C atoms shared by the two benzene rings are localized
at this position and fixed together. Hence, the two pi bonds are no longer available to form
large fluctuating dipole moments causing van-der-Waals interactions and are called saturated.
The pi bonds at the outer C atoms remain unsaturated and are free to realize rather strong
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Figure 2.2: Electronic system of the benzene ring. The sp2-hybrid orbitals are covalently bond together
forming theσ-electron system, while the electrons in the pz -orbitals are delocalized over the whole molecule.
These electrons strengthen the bonds between the C-atoms and are the main source of the fluctuating
dipoles resulting in the van-der-Waals interaction responsible for the intermolecular bonds within the
molecular solid. After [93].
van-der-Waals interactions. The intramolecular bonding between the C atoms are strong
covalent bonds of the magnitude of several eV, while the intermolecular bonding is carried
out by van-der-Waals forces amounting to several meV. The strength of the van-der-Waals
forces depends on the size and form of the molecule and, in the case of aromatic molecules,
the number of saturated and unsaturated pi-electrons. In addition the intermolecular bonds
can be caused by electrostatic interaction and hydrogen bonds. For a pure van-der-Waals
interaction the potential between two atoms i and j is given by the Leonnard-Jones potential
Φi j =− A
r 6i j
+ B
r 12i j
(2.1)
with A being a parameter describing the strength of the van-der-Waals interaction and ri j
the distance between the two atoms. Without a repulsive term B , which takes the overlap
into account, the atoms would fall together into one. Now the molecular interaction may be
approximated by the sum over the single atomic interactions.
Φ(i , j )=∑
i , j
Φi j (2.2)
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For molecules which have a permanent dipole or quadrupole moment, the dipole-dipole and
quadrupole-quadrupole interactions can add a considerable amount to the overall binding
energy. The significant impact on the thin-film formation of this type of interaction will
become evident if we consider the adhesion energy for organic molecules on different sub-
strates. Due to the small intermolecular bonding energy organic materials are very soft. The
thermal expansion coefficients and the compressibility lies above those of inorganic solids
and the melting point is rather low, seldom exceeding 300 °C. Regarding the handling within
vacuum chambers the relatively high vapor pressure and low sublimation temperature of or-
ganic materials can seriously limit the end pressure of the vacuum system [94]. Furthermore,
organic solids often possess special optical properties and possible crystalline structures.
2.1.2 Crystal Structure
In order to obtain the optimal properties of field effects transistors with respect to charge car-
rier mobility organic films employed for such devices are usually prepared in their crystalline
phase. In comparison with ionic or covalently bonded crystals of single atoms, the crystalline
structure of organic solids is vastly influenced by the extended size of the molecules and the
orientation of the pi-electron system. The molecules may not be approximated by balls with a
most dense packaging accomplished in mainly cubic or hexagonal basis systems, but a much
more complex stacking scheme usually forms. Thus, the obtained crystal system is in general
of low symmetry with a monoclinic or triclinic basis. According to Desiraju and Gavezzotti
there exist four different crystal structures for organic semiconductors depicted in fig. 2.3
[95]. The molecules depicted in this figure are chosen from the class of planar polycyclic
aromatic hydrocarbons (PAH). They represent the simplest organic molecules containing
delocalized pi-electron systems. They are therefore the best candidates for the fundamental
research of the crystal structure. The simplest crystal structure is the herringbone pattern
sketched for the case of naphthalene in fig. 2.3 a). One unit cell consists of two non-parallel
near-neighbor molecules. In this case the highest bonding energy combined with a dense
packaging is gained by stacking the long edge of each molecules to the broadside of its next
non-parallel neighbor. It is noted that in this configuration the pi-electron systems are still not
overlapping but exhibit the maximum van-der-Waals interaction. The second configuration
in fig. 2.3 b) is formed by pyrene, for instance, and is called sandwich herringbone. For a
similar molecular size the unit cell is larger, since it consists of two non-parallel pairs of
molecules. These pairs are formed by two parallel next neighbor molecules. In the third type,
the γ-structure, the main C...C interaction proceeds between parallel oriented molecules.
This is a kind of flattened herringbone pattern and is depicted for coronene in fig. 2.3 c). The
last motif is the β structure which resembles small stacks of graphite layers.
Gavezotti and Desiraju found a universal method to predict the favored crystal structure
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Figure 2.3:Crystalline structure of organic semiconductors. Due to the high molecular complexity compared
to inorganic crystals, the systems usually crystallize in a low symmetric, i.e. monoclinic and triclinic, Bravais
lattice. Frequently, polycyclic aromatic hydrocarbons crystallize in four different crystal structures depicted
above. After [95]
and structural parameters by the comparison of the ratio between C-C and C-H bonds and
the ’stacking ability’ and ’glide-forming ability’ of each atom in its intramolecular position.
The full formalism can be reviewed in [95]. The basic quantity to classify the packing motif is
found to be the ratio between carbon and hydrogen atoms on the planar molecular surface
amounting to
(
C
H
)
surface
=
∑
i
Si ,C∑
i
Si ,H
(2.3)
where Si ,C and Si ,H are the free atomic van-der-Waals surfaces of the carbon and hydrogen
atoms respectively as calculated in [96]. This ratio is directly correlated to the molecular
conformation energies with a low value resulting in herringbone patterns and high values in
slip-stack motifs.
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2.1.3 Electronic Properties of Organic Solids
2.1.3.1 Implications of Molecular Orbital Theory
Before the influence of crystalline packing on the electronic structure can be reasoned, the
electronic structure of single molecules needs to be discussed. The electronic and hence
optical properties of organic materials are one of their most remarkable peculiarities. Unlike
inorganic solids the electronic structure of organic crystals do not show broad energy bands
resulting from at least partly delocalized electrons. The bands are very flat resembling the
molecular orbitals of single molecules. These energy levels are basically governed by the
conjugated pi-electron system and will be briefly illustrated for the example of benzene.
The perimeter L of the ring system acts as a potential well with infinitely high walls for the de-
localized pi-electrons. The solution of the resulting one-dimensional stationary Schrödinger
equation
− ħ
2
2me
∂2ψ
∂x2
= Eψ 0≤ x ≤ L (2.4)
is simply given by the eigenvalues En and eigenfunctions ψn .
En = pi
2ħ2n2
2mL2
, ψn =
√
2
L
sin
(npix
L
)
(2.5)
The size of the potential well and thus the distance between the energy levels is determined by
the geometry and dimension of the molecule. The molecular orbitals are filled consecutively
with the pi electrons according to the Pauli principle. The Pauli principle states that no energy
level may be occupied with more than two electrons of opposite spin-directions. The two
most important molecular energy levels regarding optical transitions and charge carrier
transfer in organic semiconductors are the Highest Occupied Molecular Orbital (HOMO)
and the Lowest Unoccupied Molecular Orbital (LUMO). They are the equivalent forms of the
valence and conduction band in inorganic semiconductors, respectively. A photon may only
be absorbed or emitted, if its energy E = ħω is equal to the energy difference between the
HOMO and LUMO.
ħω= ELUMO−EHOMO (2.6)
Apart from the ground state, depicted in fig. 2.4 with both electrons in the HOMO, the first two
excited states are of particular interest (see figure 2.4). In the first singlet state one electron is
located in the LUMO, while the other with opposite spin remains in the HOMO. In the first
excited triplet state the electrons occupy the same energy levels as in the latter case but have
the same spin. The terms ’singlet’ and ’triplet’ are defined by the quantum number of the
overall spin function S = S1+S2. From the possible combinations from the electron spin
numbers S1,2 =±12 a state is called singlet for S = 0 and triplet for S = 1. For optical transitions
the selection rules prescribe ∆l =±1 for the orbital angular momentum and ∆s = 0 for the
29
Chapter 2: Organic Electronics
Figure 2.4: Sketch of the occupation of the ground state and the first two excited states. The energy of the
triplet state T1 lies slightly below the level of the S1-state. This is a direct consequence of the Pauli principle.
For electrons with the same spin, the probability to be located at the same space is zero. Thus, the average
distance between the electrons is increased and the positive potential energy is decreased. From [97]
spin, due to the conservation of the angular momentum. Hence, only transitions from a
singlet to another singlet or from a triplet to another triplet state are allowed. Because of the
spin-orbit coupling the probability for the transition from a triplet to a singlet still exists, but
has a very low probability.
The transition from the first ground state to the excited state, and hence the HOMO to the
LUMO, is similar to the excitation from the valence band to the conduction band across the
band gap in an inorganic semiconductor. The main difference is the extremely narrow width
of the molecular orbitals in comparison to the extended bands in inorganic materials. Thus,
in the absorption spectrum the absorption edge is replaced by single peaks belonging to the
excited state, which can also be considered to exhibit an excitonic character (see figure 2.5).
This is a consequence of the fact, that the molecular crystals are held together by relatively
weak van-der-Waals forces. In this way the molecular levels are only weakly perturbed when
condensing to the solid state [97].
An exciton is generated whenever an electron is raised from the HOMO to the LUMO leaving
a hole at its former position. If not carried away by an outer electric field the two charge
carriers remain in the electrically neutral quasi-particle. The electrons are highly localized in
organic compounds. Thus, the spatial extension of the electron-hole pair, which is considered
to be the excited state from the latter paragraph, has the same scale as the molecule itself.
These so-called Frenkel excitons have large binding energies, are stable at room temperature
and can propagate through the solid by hopping processes. The coupling between this exci-
ton and the crystal lattice is usually very strong and induces ’self-trapping’ effects. In this case
the electron locally distorts the lattice and is further localized. This effect of self-trapping has
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Figure 2.5: Absorption spectrum of anthracene in the UV-VIS regime. The distinct absorption peaks,
representing dipole transitions between molecular orbitals of anthracene solved in ethanol are still visible
in the anthracene crystal but shifted and smeared out to excitonic bands. From [97]
a strong influence on the emission and absorption spectra of the respective solid [97] [98].
In addition to the electronic dipole transitions described there exist other possible excitations
in molecular crystals. While the rotation band in the far infrared (λ > 100µm) can not be
excited as the molecules occupy fixed positions within the solid, the vibrational excitation in
the infrared regime (λ≈ 1−100µm) is still available for the interaction with electromagnetic
waves. A detailed description of vibrational excitations will be given in the next subsection.
For the moment the implicit feedback on the electronic levels shall be treated. In a general
picture the atoms in a molecule can vibrate about their bonds, which gives the molecule
vibrational energy in addition to its electronic energy. Hence, a series of vibrational lev-
els is associated with each electronic state. Typical transitions including the vibrational
band of each electronic state of a simple diatomic molecule are depicted in figure 2.6. The
Frank-Condon principle describes the effect that due to the heavy mass of the atoms and the
corresponding high inertial moment, electronic transitions take place quasi-instantaneously
without changing the intramolecular spacing r . These are indicated by vertical arrows in the
E−r diagram. After an photon of the energy ħωa is absorbed, an excited vibrational state may
be reached. The molecule relaxes non-radiatively to its vibrational ground state, indicated by
a dotted arrow, gradually increasing the intramolecular spacing r to the equilibrium distance
r2 of the electronically excited state. By the emission of a photon with the energy ħωe the
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Figure 2.6: Sketch of the ground state and first excited state including their vibrational bands in a diatomic
molecule. Optical transitions between the electronic states are indicated by vertical arrows, while the
non-radiative relaxation to the vibrational ground state and the equilibrium distance between the atoms r1
and r2 takes place along the dotted arrows. According to [97].
molecule drops back to its electronic ground state. Afterwards it relaxes non-radiatively to its
vibrational ground state and adopts the equilibrium distance r1.
2.1.3.2 Charge Transport in Organic Crystals
In general charge transport properties in organic solids needs to be explained on a larger scale.
Therefore, various effects play dominant roles. Charge transport crucially depends on the
degree of order of the molecular groups in the solid state as well as on the density of impurities
and structural defects [99]. Since these effects are hardly separated in a single experiment the
transport characterization of organic crystals and thin films is described in different types
of models. First, the transport phenomena on a molecular level need to be explained. The
key parameter for transport in organic solids is the intermolecular transfer integral Vi j , that
expresses the ease of transfer of a charge between interacting molecules. For two adjacent
molecules the transfer integral is evaluated from the time dependent Schrödinger equation.
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In a general approach the Hamiltonian can be written as
H =∑
i
ei a
+
i ai +
∑
i 6= j
Vi j (t )a
+
i a j , (2.7)
where a+i and ai denote the creation and annihilation operator on the i th molecule with
energy eigenvalue ei .
This transfer integral is associated with a specific electronic level, i.e. the HOMO for hole
transport or the LUMO for electron transport. In this way for two adjacent identical molecules
Vi j is directly related to the energy splitting of that orbital which is caused by the intermolec-
ular interaction. The splitting and hence bandwidth t of the HOMO, respectively LUMO, level
is slightly k-space dependent according to the configuration of i and j . Hence the evaluation
of the transfer integral yields the description of hole and respectively electron transport in
the specific crystal direction. For cosine-shaped bands a higher bandwidth causes a higher
expected hole or electron mobility with [100]
t = 2|Vi j |. (2.8)
Then the charge transfer rate can be expressed by
kCT = 4pi
2
h
1√
4pikBT
t 2 exp
(
− ∆G
4kBT
)
. (2.9)
Therein h and kB are Planck’s and the Boltzmann constant, respectively, while ∆G is the reor-
ganization energy for the transition of a neutral molecule to the respective cation/anion and
vice versa. In terms of the semi-classical Marcus’ theory this transfer rate can be interpreted
as a reaction rate for a change of ionization states between adjacent molecules [101].
Yet, this picture needs to be forwarded to macroscopic transport equations, ideally defining a
figure of merit which describes the suitability of a system for efficient charge transport, i.e.
the mobility. The charge carrier mobility is defined as the response of a system of delocalized
charge carriers on an external electric field Eext given in the drift velocity
~vd =µ~Eext. (2.10)
Generally, µ is a tensor, which exhibits a distinct k-space dependency, when considering
highly anisotropic crystals. Moreover, the mobility is different for electrons and holes con-
sidering the differences in reorganization energies of the respective ions and HOMO/LUMO
bandwidths. Thus the overall current density can be expressed by
~j = e(p~vd ,h +n~vd ,e ), (2.11)
where n and p are the electron and hole densities. In contrast to inorganic semiconductors
the calculation of charge carrier densities is difficult to predict, because beside the intrinsic
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carrier density dopants need to be considered in a complex way and can reach values between
1014 to 1021 cm−3 [70, 102, 34]. In the band model, the intrinsic charge carrier density is given
as the integral over the product of Fermi function and the density of states Ne (E) and Ph(E).
n =
∞∫
−∞
dE f (E)Ne (E), p =
∞∫
−∞
dE f (E)Ph(E) (2.12)
The field-dependent drift velocities in (2.11) can be eliminated by employing Ohm’s law
~j =σ~E introducing the conductivity
σ= e(nµe +pµh) (2.13)
in the direction of the applied field.
Still, the mobility remains dependent on the temperature and can be modeled in differ-
ent regimes which are described in close detail in the chemical review of Coropceanu and
coworkers [34]
• In the band model the classical approach of inorganic solids is applied [103]. Therein
the mobility of highly delocalized charge carriers is decreased with increasing tempera-
ture T due to phonon scattering. The dependence is
µband ∝ T−a , (2.14)
with 0.5< a < 3 in highly purified organic single crystals at low temperatures.
• The small polaron model describes the case in a more disorder polycrystalline material,
where the bandwidth amounts to approximately 0.1 eV. In this case the charge carrier
is localized on the molecular sites and leads to a polarization of the molecule. The
interaction with lattice distortions is called polaron, which can be translated between
the sites in a hopping process. With the polaron stabilization energy Epol, which is a
combination of the reorganization and lattice relaxation energies, the mobility is given
by
µhop =
ea2t 2
kBTħ
[
pi
2EpolkBT
]1/2
exp
(−Epol
kBT
)
(2.15)
at high temperatures and Epol ¿ 2kBT , µ exhibits a T−3/2 behavior. This limit is in good
agreement with non-perturbative theories and marks the translation to the residual
scattering regime in this non-coherent transport model. At low temperatures the
hopping probability is defined by coherent tunneling transport. In this case the mobility
can be expressed as
µtun = ea
2ω0
kBT
 2g 2(
exp
( ħω0
2kBT
)
−exp
(
− ħω02kBT
))
pi
1/2exp −4g 2
exp
( ħω0
2kBT
)
−exp
(
− ħω02kBT
)
 .
(2.16)
34
2.1 Organic Semiconductors
g 2 denotes the coupling between an electron and the phonon at energy ħω0. However,
only local coupling is incorporated in this model, while in a comprehensive model also
non-local contributions ought to be considered.
• In an explicit disorder model multiple trapping and release processes at impurities and
structural defects are considered. This leads to diagonal (energetic) and off-diagonal
(geometric) disorder contributions. The mathematical formulation of this problem is
rather complex and usually dealt with in numerical calculations. In brief the mobility is
thermally activated
µ=µ0 exp
(
− Eact
kBT
)
(2.17)
and field-dependent. The latter is given by both diagonal and off-diagonal disorder
terms [104].
All models presented here are usually solved in a one-electron approximation neglecting
electron-electron interaction. Moreover, due to the Franck-Condon principle, the description
of the coupling between charge carrier motion and vibrational modes follows an adiabatic
approach. Yet, the unique vibrational properties of organic molecules offer even more insight
into the molecular structure and molecular arrangements.
2.1.4 Vibrational Excitations in Organic Solids
Vibrational excitations mark a clear fingerprint of molecular compounds and allow for a dedi-
cated investiagtion of thin molecular films. A detailed description of the relations between
symmetry and spectroscopy can be found in the book of Harris from which this subsection
has been adapted from [105]. Organic molecules are flexible composites of atoms which con-
stantly oscillate around their stationary positions. This motion includes a continous change
in the bond lengths, bond angles and dihedral angles. The reset forces that determine the
magnitude of the vibration are determined by the coupling constants, which is the strenght
of the bond between the atoms and the atomar masses. In this sense the molecule can be
regarded as an analogous mechanical system of coupled oscillators. But here the vibrational
modes are defined by the intramolecular bonds. This similiarity enables the utilization of a
quite simple yet appealing method for the description of these molecular vibrations which is
the harmonic oscillator model [106] in which a mass point m, i.e. the atom core, is considered
in a parabolic potential V (x)= 12 mω2x2. Then, the Hamiltonian can be written as
H = −ħ
2
2m
d 2
d x2
+ 1
2
mω2x2, (2.18)
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with x being the position operator. By solving the time dependent Schrödinger equation the
energy eigenvalues
En =ωħ
(
n+ 1
2
)
, (2.19)
are obtained for the integer quantum number n ∈N0. ω denotes the corresponding eigenfre-
quency. For a set of N atoms in a molecule the expression is transformed to mass-weighted
generalized coordinates of displacements qk =
√
mkξk which are defined by the linear equa-
tions
qk =
3N∑
i=1
lki qi , k = 1,2, ...,3N . (2.20)
mk denote the mass and ξk normalized cartesian displacement coordinates. The coefficients
lki are chosen such, that the kinetic and potential energies are
T = 1
2
3N∑
k=1
d 2qk
d t 2
and V = 1
2
3N∑
k=1
ω2k q
2
k (2.21)
For a non-linear molecule six degrees of freedom are subtracted for the translations and
rotations, which leads to the Hamiltonian
H = T +V = 1
2
(
3N−6∑
k=1
d 2qk
d t 2
+
3N−6∑
k=1
ω2k q
2
k
)
(2.22)
The insertion into the Schrödinger equation yields a set of 3N −6 equations of the form
−ħ
2
2
d 2
dψ2
ψ+ 1
2
ω2k q
2
kψ= Ekψ, (2.23)
with the energy eigenvalues
3N−6∑
k=1
Ek = E and the wave functions
3N−6∑
k=1
ψk =ψ. Analogous to
the single harmonic oscillator the energy eigenvalues are given as
Ek =ħωk
(
n+ 1
2
)
(2.24)
Each solution of this set of equations represent a fundamental mode of vibration for n = 0
and the respective overtones for n > 0. In the harmonic approximation these modes are
orthogonalized but can exhibit the same energy. Yet, the eigenfrequencies depend crucially
on the geometry, masses and coupling strength of the constituents. Hence, in vibrational
spectroscopy of a given material a chemical analysis can be performed by identifying the
molecular fingerprints. In figure 2.7 examples for vibrational motions in an alkyl chain unit
are visualized. The total number of solutions, i.e. fundamental modes, equals to 3N −6.
However these modes are often degenerated if the molecular symmetry is considered. In
particular, small molecules exhibit a high symmetry with a large number of rotational axes,
mirror planes, rotation-reflexion axes and/or a center of symmetry. Solid state effects can
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Figure 2.7: Localized fundamental vibrational motifs of a methyl unit (CH2) in an alkane chain(Cn H2n+2).
According to the 3N-6 rule only the three vibrations in the first row are expected, as observed in an isolated
water molecule. Here, the methyl unit is fixed to a more complex molecular compound along the dashed
lines, which are held fix for the in this picture. Then, the atoms performing rotations as depicted in the
second row experience a restoring force which turn these motions into libration modes, which are usually
found at lower frequencies.
lift this degeneracy at least partiall in the case of a strong mutual interaction between adja-
cent molecules. Therefore the interacting molecules can be regarded as coupled oscillators
which exhibit a coupling constant corresponding to the strenght of the interaction. Since
the intermoleculer forces are generally around one order of magnitude smaller than the
intramolecular interactions, only a small splitting of degenerated modes is observed in IR
spectroscopy.
2.1.5 "Flagship" Compounds for Organic Semiconductor Devices
In the end of this section the materials which are utilized in this work shall be introduced in
brief. However, the description will be restricted on the functional small molecules in the
active organic layer, i.e. the transport layer in OTFT and acceptor layer in OPV. Candidates
with a highly positive outlook for application in organic electronics are for instance acene
derivatives, thiophene and thiazole compounds, metal-phtalocyanines as well as fullerenes
[107, 108, 109, 110]. Especially the latter two are usually employed in organic solar cells as
superior donor and acceptor materials, respectively [51].
In this work two particular derivatives in the acene class are chosen. Both share the hallmark
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Figure 2.8: Molecular structure of pentacene(a) and herringbone packing motif in pentacene crystallites
seen from top view (b) and as cross-section (c). From [107]
to exhibit an excellent charge transport performance. Firstly, pentacene is well known for
its high hole and at least decent electron mobilities in transistors. Thus the versatility to
enable ambipolar devices is promised [19, 111]. Secondly, PTCDI-C13 is not only employed
as an neatly performing acceptor material in solar cells but also to show very high electron
mobilities, e.g. in OTFT devices [71].
2.1.5.1 Pentacene
The pentacene molecule consists of five benzene rings which are fused on one edge in one
row (see figure 2.8). The frontier molecular orbitals are composed of electronic pi states which
are delocalized over the complete molecule. Gross et al. were able to impressively map the
spatial distribution of the density of states in pentacene of these orbitals by STM experiments
[112]. The crystal structure in the solid describes the herringbone pattern, in which these
pi-states range out of the molecular planes. Therefore, the high mobilities are believed to
originate from a large overlap of the orbitals. Moreover, very high crystalline qualities can
be achieved with large domains of coherently connected pentacene molecules. In several
reports the occurrence of a less densely packed thin film phase is reported. With appropriate
surface preconditioning and annealing processes the formation of the less beneficial thin
film phase can be circumvented [19].
In this work pentacene thin films for the application in transistors are processed from solution.
Afzali presented a highly versatile method to synthesize the virtually insoluble pentacene
[113]. The original reagent reacts with N-sulfinylamide at the 4,11-positions in a Diels-Alder
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Figure 2.9: Molecular structure of PTCDI-C13 and packing motif in PTCDI-C13 crystallites. LUMO and
HOMO orbitals are localized on the perylene core of the molecule.
cycloaddition. The now soluble material can be spin-coated on a patterned substrate and is
back reacted in a retro Diels-Alder reaction at temperatures above 120 C◦. Such processed
transistors can reach high mobilities which amount to up to µh = 0.5 cm2/VS and µe =
0.1 cm2/VS [114].
2.1.5.2 PTCDI-C13
PTCDI-C13 is the short term for the perylene derivative N,N’-ditridecylperylene-3,4,9,10-
tetracarboxylic diimide (PTCDI-C13) which is depicted in figure 2.9. The molecule consists of
a perylene core (C20H12) which is extended at each side by an aromatic ring, containing a ni-
trogen atom and two further carbon atoms. Eventually, these carbon atoms are connected to
an oxygen moiety at each corner of the perylene core. The extended structure is abbreviated
PTCDI for perylene-3,4,9,10-tetracarboxylic diimide, with the sum formula C24H8N2O4. In
order to make PTCDI-C13 alkyl chains with 13 methyl units are attached to each nitrogen
atom. The electronic system of the compounds shows a remarkable situation. HOMO and
LUMO are pi-states which are delocalized across the aromatic PTCDI core. Additionally to
these and further pi states which are all confined on the PTCDI moiety, σ states are localized
on the alkyl chains. The packing motif is determined by the pi-pi stacking of the PTCDI cores
and are stabilized by the alkyl chains. Thereby alkyl chains of neighboring molecules interact
by van-der-Waals forces. Then, the consecutive arrangement of PTCDI cores in a row leads to
an overlap of the pi-systems and enable efficient charge transfer through the solid [115, 116].
Due to this mechanism PTCDI-C13 has successfully been identified to facilitate n-type trans-
port in thin film transistors [117, 118].
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General Parameters Cell Dimensions
Molecular weight 755,04 u a 4,661 Å
Bravais lattice triclinic b 8,592 Å
Coordination number 1 c 25,31 Å
Cell volume 1.25 cm−3 α 86.380 ◦
β 85.786 ◦
γ 82.473 ◦
Table 2.1: Crystallographic data of the PTCDI-C13 bulk phase as determined by Tatemichi et al.[117].
The resulting crystal structure of PTCDI-C13 is found to exhibit a triclinic Bravais lattice. The
lattice constants and cell parameters of the crystal phase have been calculated by Tatemichi,
who also studied effects of thermal treatment of the PTCDI-C13 layer [117]. The complete
crystallographic data set may be reviewed in table 2.1. The crystallinity could be improved by
annealing as well as the electron mobility which reaches values of 2 cm2/VS. Furthermore,
solar cells with highly crystalline PTCDI-C13 as acceptor material reached external quantum
efficiencies of 2 % in simple flat hetero-junction cell designs, already [119]. The growth of
PTCDI-C13 layers has always been of special interest as it strongly influence the device per-
formance. Vasseur and coworkers describe a detailed growth study of PTCDI-C13 which is
deposited by organic vapor phase deposition (OVPD) with varied parameters. The results
of the AFM and XRD investigation provide the attainable structural properties which can be
compared to the values presented in this work.
Further studies investigated the growth of PTCDI-C13 in the monolayer regime on highly ori-
entated pyrolytic graphite, molybdenum disulfide as well as on bare and thiolate-terminated
gold surfaces [120, 116]. Slightly different patterning has been observed with the first mono-
layer growing in a flat lying orientation. The assembly of these monolayers has been related
to the liquid crystalline properties of the compound. Again, the long alkyl chains provide
stabilization of the flat lying molecules.
2.2 Device Applications
The main device applications of organic semiconductors were already sketched in the in-
troduction. With the basic physical concepts of organic solids at hand the mathematical
interrelations can be explained. Within the scope on interface engineering special attention
is paid on the relevant interfacial processes. Especially the impact of quantities which are re-
lated to the interface formation on the device functionality are discussed. The most valuable
information is given in the band alignment diagrams which already indicate the requirements
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Figure 2.10: Characteristics (a) and energetic level alignment (b) in organic photovoltaic devices. The I −V
characteristics equate to those of a junction diode. When illuminated a short circuit current jsc is flowing
even at 0 V external driving voltage. Yet, the current vanishes when the device is biased with the open circuit
voltage Voc. At the maximum power point the fill factor (FF) is defined as the ratio between PMMP and
Voc · jsc. The band diagram through a section of the device is regarded to extract the functional form of Voc.
The potential drop between the electrodes is comprised by the band offset from the electrode work function
∆Φ, the band bending EBB for donor and acceptor layer as well as HOMO-LUMO gap EHO-LU at the organic
heterojunction. As a striking result Voc shows only a weak dependence on the contact properties, whereas
the slope of I (V ) and hence the fill factor is very susceptible to changes of the charge carrier concentration
at the organic/electrode contact.
for ideal contacts. These first implications on energetic alignment processes will be of special
importance when the plain interface physics will be discussed in the next chapter.
2.2.1 Organic Photovoltaics (OPV)
It is already indicated in the introduction that organic photovoltaic devices mark the next gen-
eration in the evolution of organic electronics. Even though the occurrence of a photovoltage
was measured before the electroluminescence in organic materials, organic solar cells are yet
in the early stage with respect to industrial fabrication. The fundamental quantities of interest
in the characteristic of an OSC are the same as for inorganic solar cells. In figure 2.10 (a) the
I-V characteristics of an organic solar cell is sketched. The explanation of the diode curves is
rather simple. Without illumination a conventional diode behavior is recorded. When the
device is irradiated by light a current is measurable even at 0 V bias, which is denoted as the
short circuit current Jsc . The current eventually drops to zero when the bias is increased up
to the open circuit voltage Voc. The highest efficiency is achieved, when the cell is operated at
the maximum power point MMP which is determined by
d(V · I )
dV
= 0 (2.25)
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Thus two requirements may be formulated in order to accomplish high efficiencies, which
are pursued by choice of materials as well as structural and geometric optimization efforts.
• First, the possible highest Voc and Jsc should be found.
• Second, an ideal I-V characteristic shows a high fill factor F F which describes the
percentage at which the maximum power is reached for a given Voc and Jsc . The fill
factor is calculated by
F F = PMMP
VocIsc
(2.26)
Especially the search for a proper description of Voc is a main topic of interest in the last
couple of years. The Physical Review of Cheyns and coworkers covers a detailed analytical
description of the energetic dependencies in organic photovoltaic devices, which is sketched
here in brief [67].
In 2.10 (b) the energetic landscape in a flat heterojunction organic solar cell is visualized.
The important parameters which define Voc are the offsets ∆Φd,a between electrode work
functions and the HOMO of the donor as well as the LUMO of the acceptor, respectively.
Furthermore the band bending energies between the inorganic/organic interface and the
organic heterojunction EBB,d and EBB,a need to be considered. Eventually, the energetic
distance between HOMO of the donor and the LUMO of the acceptor will play the vital role
in the determination of Voc.
Naturally Voc denotes the potential drop in an open circuit from cathode to anode and can
therefore be superposed by single contributions to the potential.
Voc = EHO-LU+EBB,d+EBB,a−∆Φd−∆Φa. (2.27)
The band bending in the bilayer can be derived by employing the Poisson equation of the
local electric field in x-direction Eloc
∇Eloc =
e(p−n)
²
(2.28)
and the continuity equations of the charge carriers
d p
d t
=−∇(pµhEloc−Dp∇p)+Gp−Recp, (2.29)
dn
d t
=−∇(nµe Eloc−Dn∇n)+Gn−Recn. (2.30)
Therein e denotes the elementary charge, ² the dielectric constant of the material and p and
n the charge carrier densities. µp,n are the mobilities while Dp,n , Gp,n and Recp,n describe
charge carrier diffusion, generation and recombination rates, respectively. In order to proceed,
the following valid assumptions are made. In the steady state of operation d p/d t = dn/n = 0
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holds. The band bending can be found from the integration over the potential from the
contact to the heterojunction interface to
EBB,d =
kBT
e
ln
(
pi
pc
)
, (2.31)
in the donor layer and analogously in the acceptor layer. Therein the Einstein relation
D/µ= kBT /e has been employed and the indices describe the density at the electrode contact
pc and the organic junction pi .
First the charge carrier density concentration is estimated by a barrier-activated equation
pc =Nd f (Eloc,d )exp
(
−e∆Φd
kBT
)
(2.32)
wherein Nd is the effective density of states at the contact and f (Eloc,d ) accounts for im-
mediate effects of the electric field F at the contact. Cheyns et al. propose the Richardson-
Schockley equation for thermionic emission to cover the effect of image charges [121]. These
would effectively lower the barrier height by ∆low(Eloc,d )= (e3F /4pi²)1/2 yielding
pc =Nd exp
(
−e(∆Φd +∆low(Fd ))
kBT
)
. (2.33)
Thus the expression for the open circuit voltage can be rewritten as
Voc = EHO-LU+ kBT
e
ln
(
pi
Nd
)
+ kBT
e
ln
(
ni
Na
)
+∆low(Eloc,a)+∆low(Eloc,d ) (2.34)
Remarkably the energy offset between the frontier molecular orbitals and the work functions
are canceled out by the band bending assumed. The charge carrier density at the organic
heterojunction pi is generated from terms on exciton and polaron dynamics in the region
around the flat interface. Practically, Langevin (free) recombination with an additional term
covering Shockley-Read-Hall (trap assisted) recombination is considered. In short the two
middle terms of (2.34) can be substituted by a term consisting of two factors nvoc and κ
accounting for the actual recombination mechanism, the incoming light intensity P0 and an
exciton generation factor a.
Voc = EHO-LU+nvoc kBT
e
ln
(
κ
Na Nd
aP0
)
+∆low(Eloc,a)+∆low(Eloc,d ) (2.35)
The important result in the scope of this work is that the open circuit voltage does not show a
significant dependence on the work functions of the contact in a first approximation. Yet, the
influence is still seen implicitly by the image charge screening parameters ∆low(Eloc,a,d ) and
the effective density of states Na,d . That these contributions can be substantial was shown
by Brabec and coworkers [63]. Interestingly the analysis above yields further indication of a
pronounced influence of the contact properties on OPV efficiency, namely by adjusting the
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fill factor. It was shown recently by Tress et al. that a considerable injection barrier leads to
deformed I −V characteristics with a kink in the relevant bias region [122]. Within the scope
of Cheyns analysis the slope of I (V ) at Voc is directly correlated to the contact resistance
[67]. First, the hole current in the donor layer is considered, while the electron current in
the acceptor layer exhibits an analogous form. Again, the current is given by a drift and a
diffusion term
jp = e(µhEloc−
kBT
e
d p
d x
), (2.36)
with the charge carrier density profile along the thickness of the layer. By solving the equation
for the electric field Eloc the band bending term can be substituted and the I −V relation is
found to be
V ( j )= EHO-LU+ kBT
e
ln
(
pi
Nd
)
+ kBT
e
ln
(
ni
Na
)
+ j R( j ). (2.37)
The last term in this equation is a field dependent resistance and gives the slope of the
I −V curve. Close to Voc the charge carrier density is assumed to be constant and hence no
diffusion component adds to (2.36). In this regime the voltage across the whole device is
trivially given by Voc with an extra contribution j Rvoc . The integration of the electric field
over the complete layer stack for (2.36) then yields
Rvoc = 1
e
 dd∫
0
d x
µh p
+
dd+da∫
0
d x
µe n
 . (2.38)
Hence, a low charge carrier density either at the heterojunction, in the organic layer or at
the contact considerably raises the resistance at the open circuit voltage. This in turn shifts
the maximum power point to lower voltages and decreases the fill factor. Since changes
at the interface barriers can drastically change the charge carrier concentration and the
mobility, the resistance can become exceedingly high. Thereby, the device performance
can be impeded considerably. According to the Richardson-Shockley model especially the
charge carrier density is vastly influenced by the injection barrier at the contact and therefore
requires optimization.
2.2.2 Organic Thin Film Transistor (OTFT)
The impact of organic/metal contact properties on device characteristics becomes even
more viable when dealing with organic thin film transistors. In turn these devices enable
an improved understanding of the charge transfer and energy level alignment processes.
Therefore the electronic dependences within an OTFT require further explanation.
The generic bottom-contact OTFT configuration can be sketched as a four layer system which
is depicted in figure 2.11. Further geometries can be reviewed in [123]. A highly conductive
substrate acts as the gate electrode whereas the insulating dielectric layer usually consists of
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Figure 2.11: Operation of a n-type organic thin film transistor (OTFT), geometric (left) and energetic
representation (right). An organic semiconducting channel of length L is placed between two electrodes.
In the electrical neutral state (top) neither gate VG nor drain VD bias is applied and the charge carriers are
equally distributed in the channel. For an applied drain voltage, only a negligible current Ioff is measured
through the channel. As soon as a gate bias VG > 0 is applied, electrons are accumulated at the bottom of
the channel (middle). This enables that a positive drain voltage VD > 0 leads to a current flow Ion through
the channel (bottom).
45
Chapter 2: Organic Electronics
either SiO2, high k-dielectric materials or insulating organic layers like PMMA or Kapton®.
Especially the latter solution is of particular interest for all flexible organic devices [124]. Sub-
sequently, a patterned metal layer which defines the source and drain electrodes is applied.
For future applications alternative electrode materials are envisioned. These cover the use of
conducting polymer films like PEDOT:PSS for a superior mechanical flexibility or transparent
conductive oxides for fully transparent devices. However, in this work the focus is put on
metallic layers (more specific: gold), since they still depict the best accessible method to form
contacts. Finally, the conduction channel of length L and width W for device operation is
established in a semiconducting organic layer. In the OFF state the organic semiconductor
acts as an insulator between source and drain, since there are no movable charge carriers in
the unbiased thin-film. Thus, the application of a drain voltage between the source and the
drain VD results in a evanescent small current Ioff. In order to switch the transistor to the ON
state a gate bias between source and gate VG is applied. The electric field carried across the
dielectric layer lowers the LUMO level of the organic layer to the region of the Fermi level of
the metal contacts and thus creates a conductive channel of accumulated electrons at the
lowermost layers of the thin-film. If now a drain voltage is applied to the gold electrodes, a
current flow via the established charge carrier channel between the raised drain potential
and the potential at the source can take place resulting in a distinctly higher current Ion. This
simplified model of an ideal TFT needs to be expanded for a more quantitative description.
This can include the presence of dopants and the dependence of the conductivity σ and
mobility µ on VD for instance. Yet, in the next step, the fundamental intrinsic operational
quantities are sketched [73].
The fundamental characteristics that define a transistor device are the output- and transfer
curves. For the first type of measurement the gate voltage is kept constant while the drain
voltage is increased stepwise. For the second curve type the drain voltage is held at a positive
value (in case of n-type transport) whereas the gate voltage is swept from 0 to positive values
in order to operate in accumulation mode.
Following the steps in figure 2.11, first the application of a positive gate voltage VG is
considered. In this electrostatic limit the device can be regarded as a plane capacitor (see
figure 2.12 (a)). Thickness and dielectric constants as well as geometric dependencies can be
merged into the capacity per unit area as a single quantity Cox. Negative charges are induced
in a boundary of the channel with the area charge density
nA,i nd (x)=CoxVG/e, (2.39)
where 0< x < L is a position along the channel and e the unit charge. The quantity is linked
to the charge carrier density by
nA,i nd (x)= nind(x)t , (2.40)
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Figure 2.12: Charge carrier profile in the different voltage regimes of an OTFT upon operation. In (a) the
applied gate voltage VG induces the accumulation of charge carriers in a boundary layer to the dielectric.
If a moderate drain voltage VD is now applied, the charge density profile becomes asymmetric along the
channel length L as depicted in (b). For an exceedingly high VD the conductive layer is "pinched off" from
the drain electrode in (c).
where t is the thickness of the charged layer. For a non-zero but small drain voltage (VD <VG)
the density profile depends on the voltage drop V (x) in the channel according to
nA,i nd (x)=Cox(VG−V (x))/e. (2.41)
In this regime the voltage drop can be estimated by a linear decrease of the charge carrier
profile since for a homogeneous electric field E
V (x)= E x = VD
L
x, (2.42)
as depicted in figure 2.12 (b).
Practically, the ON-state, i.e. when the transistor becomes conductive, is not reached for
any VG 6= 0. A higher threshold voltage VT is composed of different sources. First, the charge
carrier injection at the interface to the metallic contact must be regarded. Yet, the values of the
work function to LUMO are on the order of 1 eV which is usually much less than is measured
for deviations in threshold voltage. As it was already explained for the organic photovoltaic
devices in the preceding subsection the injection barrier could also be incorporated indirectly
into VT by significantly changing the charge carrier density at the contact and thereby the
contact resistance. Recently, Possanner and coworkers have investigated the influence of
the contact barrier on the threshold voltage by drift-diffusion equations [125]. They were
able to derive changes in VT up to the order of several 10 V. A main origin of threshold voltage
variation however is given by trapped charge carriers. These traps dramatically deteriorate
the charge carrier density profile in the conductive channel. If traps are filled due to the
measurement process, e.g. of a transfer characteristic, the second sweep will yield a different
VT. This effect is well known to lead to a hysteresis behavior of the transfer curve which
can be employed to estimate trapping processes in the organic layer [123]. Eventually the
interface to the dielectric marks a crucial part of the device which influences the threshold
voltage. Especially hydroxyl groups act as efficient electron sinks, which are immediately
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filled. The electric field from these trap sites then impedes the current through the channel.
Di Benedetto et al. describe that this effect can be minimized by passivating the dielectric
layer prior to the deposition of the active organic layer [126].
In the scope of the current description the threshold voltage is incorporated as an correction
to the gate voltage with VG = VG −VT. Three different regimes of operation can now be
envisioned for the resulting equation
Cox(VG−VT−V (x))= enind(x)t . (2.43)
• For VG ÀVD the additional potential drop V (x) can be neglected. According to Ohm’s
law j =σE the drain current ID can be calculated to
ID
W t
=σVD
L
. (2.44)
The substitution of the conductivity σ by eµnA,i nd yields
ID =µCox W
L
(VG−VT)VD (2.45)
Thus in this regime the drain current depends linearly on VG and VD
• If VG ¿ VD is no longer valid, σ needs to be calculated explicitly by integrating the
charge carrier density over the complete channel length.
σ= eµ
L
L∫
0
nind(x)d x (2.46)
By substituting nind from (2.43) and employing (2.42) the integration can be conducted
over V (x) leading to the expression
ID =µCox W
L
(
(VG−VT)VD−
V 2D
2
)
. (2.47)
Here, the drain current is depending quadratically on VD
• For a further decrease in VG the saturation regime is reached, before the conductive
channel is pinched off for VG−VT =VD as depicted in figure 2.12 (c). This relation can
be introduced into (2.43) and yields
ID =µCox W
L
(VG−VT)2
2
(2.48)
Since the influence of the drain voltage is eliminated in this range, the mobility can
ideally be determined from the variation of VG in the transfer characteristics from the
slope of (2.48).
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Eventually, the contact resistance at the metal/organic interface of the devices can be deter-
mined. In a very straight-forward model the total resistance can be regarded as a sequence
of the channel resistance Rch and a parasitic resistance [127]. The latter is attributed to the
injection at the contacts and therefore denoted Rc . As a consequence, the full potential drop
across the channel amounts to
R = dVD
d ID
=Rch +Rc =
L
Wµi Cox(VG−VT,i )
+Rc . (2.49)
µi and VT,i are the intrinsic charge carrier mobility and threshold voltage, i.e. without
parasitic effects. The validity of the equation was confirmed by OTFT measurement series
upon variation of W and L parameters and materials [128]. In a first approximation the
parasitic resistance can be directly extracted from the transfer curve, once µ and VT are
determined in the saturation regime. For relatively long channels (L > 10µ m) the mobility
and threshold voltage are mainly determined by the channel properties such that (2.49) can
be approximated by these global parameters. Still, at high gate voltages the contact resistance
becomes dominant as the devices run into the injection limited regime.
As for OSC the issue on contact resistance generates the need to find a strategy in minimizing
the energy barriers for charge carrier injection across the metal/organic interface. One simple
solution for n-type materials would be the application of low work function metals, e.g. alkali
metals or aluminum [69]. However, these suffer from the drawback of being to reactive, either
with the ambient or with the adjacent organic layer. In another approach first attempts are
made to lower the contact resistance by the application of self-assembled monolayers on
noble metal surfaces [76, 129]. Due to the dipole layer on top, the work function of the metal is
lowered and - ideally - aligned to the subsequently deposited active organic layer compound.
Indeed drastic improvements in the overall transistor performance was shown by Tulevski
et al. for Thiolate SAM modified gold contacts of pentacene based OTFTs [111]. Still, it is
known from molecular break junction studies, that the conductance across the molecular
layer is very sensitive to the alignment and interplay of all electronic states [130, 131, 88]. The
current work aims at building, the bridge between this microscopic picture and the impact
on devices. Therefore, the actual physico-chemical interaction regimes between molecular
layers and contact metals are reviewed in the subsequent chapter.
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Organic/Metal Interfaces
The formation of interfaces between two media as well as surfaces to the vacuum always rose
substantial interest in the field of solid state physics. When dealing with the inherent physical
properties of continuous media, interfaces denote areas with a maximum density of defects.
In the scope of microelectronic devices the alignment process of the electronic structure at
the junction becomes of paramount importance. While Walter Schottky was able to find an
adequate description of a metal-semiconductor junction for inorganic semiconductors, organic
materials still offer additional challenges [132, 87]. In the following a description of possible
electronic interdependencies on the atomisitic length scale is presented.
3.1 Interface Interaction Models
When organic molecules are adsorbed on a surface different interaction regimes can be
differentiated. A chemically inert molecule could bind to a surface only by relatively weak
van-der-Waals interactions (physisorption). A highly reactive molecule could even be linked
covalently to the surface (chemisorption). In between, numerous intermediate cases exist in
which different degrees of chemisorption occur. In their review Braun, Salanek and Fahlman
give a comprehensive overview of the alignment process regarding the electronic properties.
Within the limits of these weak and strong interaction regimes different levels of theory can
be applied to explain the implications on interfaces in complete devices. In this section
the fundamental aspects and equations will be given with regard to their relevance for the
experiments conducted.
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Induced Density of 
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Figure 3.1: The interface interaction regimes range from weak physisorption to strong chemisorption. The
first row describes the interaction type, while the second row gives exemplary systems. In the last row the
standard model descriptions are listed.
3.1.1 Physisorption of Inert Adsorbates
In the most simple case a non-reactive molecule is adsorbed on a passivated and thus non-
reactive surface which is assumed to be a noble metal in this example. An interaction is still
present by van-der-Waals forces. These include the interaction between permanent dipoles,
induced dipoles as well as intermixed intrinsic/induced dipole interactions. The electronic
structure of the substrate and of the adsorbate layer is relatively unperturbed by these effects,
which amount to an interaction strength in the order of 100 meV for each molecule. Hence
sampling the electronic system along a path perpendicular to the interface would result in
a sharp transition from the delocalized metal band structure to the localized orbitals of the
adsorbed molecules and the respective excitonic bands. Still a pronounced influence on
the work function of the joint system is observed. The resulting work to release an electron
from the system is neither the work function of the metal nor the ionization potential of the
surfactant molecule.
In order to reason this fact a sophisticated understanding of the work functionΦ is required.
An adequate description is given by Cardona and Ley [133]. The escape of valence electrons
from the solid is prevented by a potential barrier at the surface. The height of this barrier
is given by the work function. This work function is hence defined as the difference in the
potentials inside the solid and immediately outside the solid but as far away as the potential
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charge density
metal vacuum metal vacuum
potential
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φD
Figure 3.2: At the metal/vacuum interface parts of the electron density is ranging out of the surface. In the
jellium model the spilled out electron density n(x) produces an extra potential which results in a dipole
term D to the work functionΦ.
becomes invariant on the exact position of the electron. This potential is commonly referred
to as vacuum level
Evac =Φ+EF, (3.1)
where EF is the Fermi level. For a semiconductor the work function is still a quantity depend-
ing on the position of the Fermi level. Instead, the electron affinity E A is defined from the
difference between Evac and the bottom of the conduction band and the ionization potential
I P is the difference between Evac and the maximum of the valence band. Thereby the work
function for both, metal and semiconductor, is influenced by the temperature T and an
external electric field ~E . Typical values found for metals range from 2 eV in alkali metals
to over 6 eV in platinum [133]. Even though a precise quantification of the work function
by theoretical means is not at hand many methods have been introduced to determine the
experimental values. These include thermionic emission, Kelvin Probe, field emission, photo-
electric yield as well as photoelectric threshold experiments. In this work the work functions
will be determined from the photoelectric threshold in photoemission experiments as will be
elaborated later.
For now a description of the metal work function by the jellium model of a free electron
gas is sufficient. The work function therein consists of two parts. First, the electrochemical
potential (or inner work function) µ¯ relative to the electrostatic potential is given as the energy
difference of the whole system by releasing an electron
µ¯= EN −EN−1 =µ−φ, (3.2)
where φ denotes the average self-consistent electrostatic potential in the Hartree approxima-
tion while exchange correlation effects are described by the chemical potential µ. Second,
the electron distribution at the surface differs from that in the solid. In order to decrease the
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kinetic energy, electrons tend to spill-out of the traditional Wigner-Seitz spheres and produce
a dipole layer which raises the work function. Also electrons can smooth-out at the topmost
Wigner-Seitz spheres and yield a dipole layer that lowers the work function. Both effects are
summarized in a term D and hence the total work function can be written as
Φ=φ−µ+φD . (3.3)
In the announced jellium model the dipole layer contribution is estimated from the electron
density profile n(x) across the surface, by applying Poisson’s equation
∂2φ(x)
∂x2
= 4pie(n(x)−n0), (3.4)
with e being the unit charge and n0 the bulk electron density. The dipole layer can then be
approximated by
φD =φ(∞)−φ(−∞). (3.5)
If now a neutral species is brought into vicinity of the surface, polarization of the adatom/molecule
takes place and the dipole is aligned to the image charge in the metal layer. Adsorbed species
thereby decrease the spill-out electron density, which lowersφd and in turn the work function.
Hence, this work function reduction is referred to as "push-back effect" [134].
3.1.2 Adsorption on Passivated Surfaces - Integer Charge Transfer
Model
We now assume for the adsorbed molecule that an additional interaction mechanism takes
place. Therein, charge transfer from the substrate to the organic layer and vice versa can
happen by coherent or thermally activated hopping processes. It must be noted that the
electronic wave functions of the substrate and of the adlayer do not hybridize or that the
orbital overlap is negligible. This is the case for non-reactive molecules on noble metal
surfaces orpi-conjugated molecules on passivated surfaces (e.g. Al + native Al2O3) for instance.
In this model the position of the work function with respect to the HOMO and LUMO level
of adsorbed layer is of fundamental importance. Therefore three different cases can be
differentiated which are also depicted in figure 3.3
• Φ< ELUMO. Due to the potential gradient electrons are transfered from the metal to the
available unoccupied states in the molecule. Thereby, the LUMO level is raised to the
Fermi level until equilibrium is accomplished. By the acceptance of the integer charge
the molecule relaxes into a state E IC T− which compares to an anion which forms a
polaron in the solid. This stabilized state is at a higher binding energy, which is fixed
with respect to ELUMO. In the thereby relaxed system the Fermi level of the metal is
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Figure 3.3: In the integer charge transfer model a given organic molecule is adsorbed on a passivated metal
surface. A moderate interaction without hybridization of the molecular states and metal bands is observed.
In this viewgraph three different metals with a low, intermediate and a high work function are chosen as
substrates for the interaction with the molecule. The organic layer exhibits polaron states for charged
layers which are characteristic for the given molecule and structure. Upon adsorption electron transfer is
facilitated by non-resonant transport processes.
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pinned to this E IC T− state and exhibits an offset of ELUMO−E IC T− from the vacuum
level. Hence, the minimum work function of the metal and adsorbate system is
Φmi n =Φ+∆− = E IC T− (3.6)
• ELUMO < Φ < EHOMO. In this case no driving force is existent which would promote
charge carriers from the metal to the molecular layer or vice versa. The work function
of the joint system equals the original work function of the metal.
• Φ> EHOMO. This time the potential gradient points in the opposite direction. Electrons
are transfered from the molecule to the metal until the HOMO level of the molecule is
at EF. Again a polaron of a stabilized hole, i.e. at lower binding energy, is formed within
the solid. Now, the Fermi level of the metal is pinned to the E IC T+ energy.
Φmax =Φ−∆+ = E IC T+ (3.7)
Eventually the alignment procedure can be reasoned as follows. If the original work function
is not within the HOMO-LUMO gap of the organic compound charge transfer will occur.
Upon charging the molecule relaxes to the polaronic state. This process continues until the
created dipole layer finally shifts the molecular states (either E IC T− or E IC T+) to the vacuum
level. This shift ∆± affects all molecular states in the same way and lowers/raises the work
function of the joint system until E IC T+ respectively E IC T− is reached.
This scheme leaves a specific window for the choice of metals in order to obtain a desired
resulting work functionΦ′ which amounts to
Φ′ =

E IC T− Φ< ELUMO
Φ ELUMO <Φ< EHOMO
E IC T+ Φ> EHOMO
(3.8)
Crispin and coworkers were able to prove this behavior by placing a low band gap polyfluo-
rene on various metal surfaces and measuring the resulting work functions [135].
Certainly this interaction type is considered to be undesirable for charge transfer process from
the interface to the adjacent organic layer in a device contact. In this picture it also becomes
apparent, why a good match between work function and HOMO, respectively LUMO, is aimed
for. If for instance hole injection is regarded the onset of the pinned state E IC T+ state depicts
the minimum potential barrier. A further decrease of the substrate work function induces the
additional dipole layer and does not change the injection efficiency in the device anymore as
it was shown in [89]. Yet, this is only true if the assumption is made, that the pinned states at
the interface correspond to the polarons in the bulk. Indeed, it is found that the bulk polarons
are less stabilized and hence the charge carriers need to overcome small barrier steps when
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Figure 3.4: The induced density of interface state model (IDIS) describes the electronic alignment processes
at an interface of an organic compound and a metal which exhibit intermediate interactions. In a weak
chemisorption a slight overlap of the wave functions is existent and the discrete electronic structure of
the molecular orbitals (MO) is substituted by a continuous DOS of lorentzian type broadened states. For
the joint system a charge neutrality level is found which serves as a reference point for the work function
alignment.
migrating away from the surface into the organic layer [89].
3.1.3 Weak Chemisorption - Induced Density of Interface States Model
In the next step the occurrence of a slight hybridization of the molecular orbitals and the
metal states is assumed. This is the case for the adsorption of aromatic hydrocarbons on clean
but not strongly reactive metal surfaces such as polycyclic hydrocarbons on silver. In this case
the static limit of the ICT model is no longer a good description of the true alignment process
at the interface. In a now dynamic regime the molecular states experience a reorganization
and are filled up to the charge neutrality level (EC N L) [136]. In their manuscript Vazquez
and coworkers define a slope parameter S to account for the work function alignment with
respect to the charge neutrality level. S describes a factor by which the original offset between
the metal work functionΦ and EC N L must be multiplied in order to gain the offset between
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the work function of the joint systemsΦ′ and the charge neutrality level
Φ′−EC N L = S(Φ−EC N L). (3.9)
Then the induced dipole layer is calculated to the complement
∆= (1−S)(Φ−EC N L). (3.10)
The slope parameter can be gained by calculating the derivative of Φ′ after Φ analogously to
the method proposed by Cowley and Zse for metal/semiconductor contacts [121].
S = dΦ
′
dΦ
= 1(
1+4pie2D(EF) dA
) (3.11)
Here, e is the unit charge, d the distance between molecule and metal surface, A the area
covered by a molecule and D(EF) the density of states (DOS) at the Fermi level. Starting
from this point the final calculation seems within reach, as the structural parameters can be
easily approximated by calculations and STM experiments whereas the DOS is attainable by
density functional theory (DFT) computations [137, 138]. In practice this approach proves to
underestimate the complexity of the task. Especially the considerable amount of van-der-
Waals interaction is not covered with sufficient accuracy in DFT calculations. Additionally the
push-back effect which was mentioned in the description of physisorbed species will also be
apparent and depicts a strong electron-correlation effect which is not included at all in this
approach. Therefore Vazquez et al. developed a three step process - the so called Induced
Density of Interface State (IDIS) model - in order to determine a good estimate for the work
function alignment as well as for the electronic structure at the interface [136].
First, the molecular orbitals of the neutral isolated molecule are calculated employing stan-
dard DFT methods. The energy eigenvalues are normalized by Koopmans relaxation energies
in order to accomplish a good estimate of the true HOMO-LUMO gap. Solid state screening
and polarization effects are either incorporated empirically or measured, e.g. by determining
the transport gap.
Subsequently the interaction between the molecular orbitals and the metal bands close to the
Fermi edge is calculated. This results in a broadening Γi of the molecular state ψi according
to
Γi = 2pi
∑
α
|Mi ,α|2δ(Eα−Ei ), (3.12)
where Mi ,α is the coupling term, i.e. hopping probability, between the molecular orbital and
the metal wave function α. Vazquez was able to show that the interaction results in a bare
Lorentzian broadening of the local DOS (LDOS) on the molecular orbitals with
DE ≈ LDOS(E)=
∑
i
1
pi
Γi /2
(E −Ei )2+ (Γi /2)2
. (3.13)
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Eventually the charge neutrality condition for N electrons is fulfilled and the position of EC N L
determined by
N =
EC N L∫
0
D(E)dE . (3.14)
It shall be emphasized, that the employed HOMO and LUMO energies are said to represent
the relaxed interface states and are hence closely related to the E IC T± states from the integer
charge transfer model. From this point of view the IDIS model can be seen as a refinement
of the former level. Yet, the charge neutrality condition abolishes the Fermi level pinning
to specific molecular states to a certain degree as the molecular states are shifted in the
self-consistent system.
Yet this model has only achieved limited practical use, since the broadening of the molecular
states is strongly dependent on the actual adsorption geometry and molecule-metal distance
[89]. However, the distance of the HOMO from the Fermi level and the slope parameter
are calculated with good precision. Yet, for perylene diimide derivatives on gold the work
function alignment has been overestimated in the IDIS model [138].
3.1.4 Strong Chemisorption of Reactive Adsorbates
Naturally, in the case of reactive molecules on metals the complexity of possible interactions
is even increased. A substantial overlap of the wave functions lead to a strong hybridization
between the electronic structure of the surfactant molecule and the electronic bands in the
metal. For instance, such a description is applicable for pi-conjugated molecules which are
evaporated on top of alkali and alkaline earth metals. The correspondent inverted structure,
i.e. reactive metal layer on top of an organic layer, shares a higher technologic relevancy but
can be explained with the same models. Therefore the case of adsorption of molecules on
metal surfaces is investigated in the scope of this work. In particular the target surfaces which
are investigated in this work are self-assembled thiolate monolayers on gold. This material
class is known to adhere strongly to the gold surface by forming strong chemical bonds. Thus
an adequate reasoning of the energy level alignment processes and work function changes is
required.
First to say, the regime of chemisorption does not provide a unifying quantitative description.
Due to the diverse nature of different covalent chemical bonds, each joint system requires an
individual quantum chemical calculation in order to derive the exact shape of the electronic
structure. Yet, a couple of related properties can be found and allow a first qualitative picture.
Still, clear tendencies for the work function can be derived. As for non-interacting adsorbates
a push-back effect is experienced which originates from the small distance between the
molecular dipole and the metal surface. Thus the strength of the push-back effect ΦD is
dependent on the permanent dipole as well as the polarizability of the adsorbate. Moreover,
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the vertical rearrangement of the charge distribution ∆ρ(z) upon adsorption leads to an
additional induced dipole, which yields a potential VBD (z) according to Poisson’s equation
[82]
∇2VBD (z)= −∆ρ(z)
²0
. (3.15)
The contribution of the bond dipole to the work function is then derived as
ΦBD =VBD (∞)−VBD (−∞). (3.16)
The original metal work functionΦ is then substituted by the resulting work functionΦ′ with
Φ′ =Φ−ΦD−ΦBD. (3.17)
Depending on the direction of the net charge transfer and the orientation of the intrinsic
dipoles the sign of ΦD and ΦBD can be either positive or negative. For equal values but
opposite signs both contributions can cancel each other out.
While usually ∆ρ can be derived by DFT methods in rather exact manner, another method
to estimate the net charge transfer has been formulated by Parr and Pearson [139]. At equi-
librium the chemical potential of the metal surface µM and the chemical potential of the
organic adlayer µO are equal. For pristine materials the chemical potential is directly given
by the distance between Fermi level and vacuum level and can be approximated by
µM =−Φ (3.18)
µO =−EIP+EEA
2
(3.19)
where EIP and EEA denote the ionization potential and electron affinity of the isolated organic
molecule, respectively. The resistance for the transfer of charge from or to a species is given as
hardness η, which is the second derivation of the total energy E with respect to the occupation
number N
η= 1
2
∂2E
∂N 2
(3.20)
This approach originates from the field of chemistry and is especially successful when treating
Lewis acid base pairs [139]. In order to provide a scope on the context of the functional form of
equation (3.20) a similar concept is the effective electron mass in solid state physics. Therein
the affinity of an electron to be moved in a specific direction is given by the curvature in the
k-space dependent energy dispersion [103].
Following the hardness approach, the net charge transfer ∆N is calculated to
∆N = 1
2
(µM −µO)
(ηM +ηO)
. (3.21)
A positive sign indicates an electron transfer from the metal to the organic layer while a
negative sign depicts the opposite case. Meanwhile an estimate for the tendency of the
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hardness is given by the electronegativity. The hardness follows the same tendency as the
electronegativity, with a hardness of 7 eV for fluorine and 1.7 eV for potassium. Practically,
the hardness is a quantity which describes the gap between the ionization potential and
the electron affinity and is therefore valid for ionic species. Thus the approach works well
for ionically bonded systems. In the next section which will deal with the self-assembly of
covalently bonded systems where the dipole approach for the interface barrier in metal/SAM
systems will be presented.
3.2 Self-Assembled Monolayers (SAM)
The phenomenon of self-assembly of thiolate, i.e. containing a hydrogenated sulfur head
group, monolayers on gold surfaces comprises the formation of a strong covalent bond.
Thus the typical chemisorption energies are in the range of several electron volt per molecule.
Nuzzo and Allara were the first to report on the formation of thiolate monolayers on clean gold
surfaces [140]. Soon, the potential of these stable and robust systems became apparent, as the
need for passivated electrodes in organic electronics rose. Hence, surface scientists started
with extensive studies on the structural and electronic characterization [141]. Eventually
the progress in X-ray diffraction, scanning tunneling microscopy and photoemission spec-
troscopy as well as the use of synchrotron light sources lead to a fundamental understanding
on the SAM forming mechanisms and dynamics [137]. In addition, the exact computation of
the electronic system and adsorption geometry made major advances in the last decade as
an sufficiently large computational infrastructure was established [142, 82].
3.2.1 SAM Formation Mechanism
A consequence of the aforementioned chemisorption process is a disruption of the in-
tramolecular chemical bonds to enable the bond to the surface. One prominent example for
this behavior is the reaction of a thiolate (SH) group with gold. By the chemisorption of a
thiolate containing molecule with the molecular backbone R the sulfur-hydrogen bond is
broken in order to enable a firm anchoring of the sulfur atom to the gold atom [143]
R−S−H + AunGGAR−S−Au+ + Aun−1 + 1
2
H2. (3.22)
The superscripts on the sulfur and gold atoms on the right hand side of the equation denote a
net charge transfer from the electron donating gold to the sulfur moiety. A closer specification
of this effect will be quantified later. According to this reaction scheme only one layer of
thiolates will link to the gold. Still, additional species may physisorb onto the monolayer, but
are usually rinsed off easily in the production process.
Skipping these technical aspects, the kinetics of SAM assembly grown from solution can
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Figure 3.5: Self-assembly of a decanethiol SAM on an atomically clean gold surface. A gold covered substrate
is brought in a dilute solution of the reactant. The hydrogen termination of the thiolate group is resolved in
order during the chemisorption of the molecule on the metal substrate. In the initial growth step a loosely
packed monolayer is formed with a disordered molecular packing scheme. After several hours of immersion
the SAM is transfered into a densely packed state due to constant ordering processes which are conveyed by
the van-der-Waals interactions between the molecular backbones.
be explained with good accuracy within the theory of thermodynamics in the first instance.
The major quantitative hallmark of this description can be found in the elaborate work of
Venables [144]. Generally, the assembly process can be divided into two fundamental steps
• The first step takes place within the first few minutes with the majority of the surface
sites being occupied by thiol compounds. After this step a surface coverage of 80-90 %
was reported [145]. This initial process of nucleation and diffusion of the molecules
on the surface is governed by the strong sulfur-gold interaction. The binding energy
of the Au-S bond is determined to approximately 130 kJ/mol by quantum mechanical
calculations and thermal desorption spectroscopy [146]. For a quick comparison, a
physisorbed thiolate compound has a binding energy of 100 kJ/mol [137]. The sur-
factant population is hence determined by the chemisorption in a rather disordered
configuration.
• The subsequent process step in self assembly takes place on a length scale of several
hours. The disordered molecules are rearranged continuously by the thermally acti-
vated motion of the non-reactive molecular backbone R , which could be an alkyl chain
or oligoacene for instance. During this rearrangement process, which is dominated by
van-der-Waals interactions in the mutually induced dipoles in neighboring molecules,
empty surface sites can be occupied by additional molecules from solution. Thereby,
the attractive van-der-Waals interaction is maximized which can be related to a stabi-
lization of the binding energy. These stabilization energies correspond to the energetic
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cost of a gauche defect in the chain assembly which is on the order of 20 meV [137].
The ordered state is often referred to as surface crystallization due to the increased
local order [143]. Still it shall be mentioned that practically the final film consists of
numerous domains and lacks true long range order.
The temporal evolution of the initial growth process can be described by the Langmuir
formalism. Therein the occupation of binding sites Θ is directly related to the impingement
rate R on the surface by [147]
dΘ
d t
=R(1−Θ) (3.23)
The solution of this differential equation is given by
Θ= 1−exp(−Rt ), (3.24)
which can be transformed into
Θ= 1−exp(−R(t − td )), (3.25)
if an empiric delay time td for the onset of nucleation is considered.
In order to formulate the activated ordering process an additional term due to surface diffu-
sion can be added. In the Kisliuk model the occupation of sitesΘ is diffusion-limited
Θ= 1−exp(−D(1+k)t )
1+k exp(−D(1+k)t ) , (3.26)
where k denotes the sticking coefficient of already adsorbed molecules and D is the surface
diffusion constant.
One of the most striking properties of thiolate adsorbates on gold is discussed in the work
of Ron and Rubinstein who investigated the formation of alkanethiols on preoxidized gold
surfaces [148]. The surface oxidation of gold to form a thin instable Au2O3 layer was previously
described in detail by King [149]. Prior to the SAM fabrication, the gold surface can be
cleaned by UV-Irradiation which induces the formation of the oxide layer. Later the gold
oxide can be washed off leaving a clean gold surface with no adsorbants but only a loosely
bound contamination layer. Now, Ron and Rubinstein were able to show that the newly
forming SAM rinses this contamination layer from the surface. Hence, this cleaning and
pretreatment procedure depicts a viable alternative to freshly evaporated gold films. However,
for insufficient rinsing the remaining gold oxide layer could be encapsulated, which over time
is back-converted to gold with the sulfur in the SAM being oxidized.
Moreover, it is noteworthy that in the last five years a controversial discussion on the exact
anchoring positions of thiolate compounds on gold took place. However, recent studies
now lead to a precise picture of the investigated structures [142, 150]. Starting with the
packing motif of alkanethiols, which represents the by far most investigated SAM-forming
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organothiolate compound. The SAM pattern on a (22×p3) reconstructed Au (111) surface
has been determined to be a c(4×2) (p3×p3)R 30◦overlayer structure [137]. In the classical
description by density functional theory a minimum adsorption energy was found at the
3-fold hollow adsorption site on the gold surface which yields a S-S distance of 4.97 Å. The
alkyl chains are tilted by ≈ 30◦with respect to the surface normal for long chains (e.g. octyl-
). However, R.Mazzarello et al. observed considerable surface reconstruction processes
of the gold initiated by the monolayer assembly of the adsorbates in molecular dynamics
calculations. In addition they were able to confirm these findings with X-Ray diffraction
experiments [142, 150]. In summary the new surface structure was reasoned by a new model
of the chemisorption process. The latter begins with the anchoring of sulfur atoms at the on
top position directly above one surface gold atom. Subsequently, one sulfur atom diffuses to
the 2-fold bridge site between two gold atoms. Instead of moving into the 3-fold hollow side
the gold layer itself is subject to a pronounced reconstruction as one gold atom is pulled out
of the surface by around 2 Å [142]. Finally, the two sulfur moieties are located in the on top
position directly above one gold with a pulled-out gold atom between the sulfur atoms of two
adjacent thiolates. Still, the monolayer packing motif and surface coverage remains the same.
The implications on the electronic alignment processes on a physical surface are considered
to be negligible as will be discussed in the next subsection.
3.2.2 Electronic Implications on SAM coated Electrodes
As it was mentioned for the interaction scenario of strong chemisorption a distinct energy
level alignment of the molecule is expected for self-assembled monolayers on metals. Here,
the specific case of thiolate monolayers on gold shall be revisited.
One conceptional challenge for the description of the joint system is the functional form of
the interacting wave functions. While the metal wave functions are best described in a plain
wave approach of Bloch states, the molecular orbitals are localized on the whole molecule or
even on single molecular groups which is best explained in a tight binding model [103]. In
a straightforward approach the interaction is constrained on the anchoring atom or group,
while the electronic structure of the molecular states which exhibit only small contributions
on the binding group remain invariant upon the adsorption process. This limit does not hold
very well for pi-conjugated molecules with delocalized pi-state contributions on the sulfur
group, but is usually sufficient for many thiolate compounds. Zangmeister et al. were able
to show in a joint experimental and theoretical study, that the relative orbital energies of
Oligo(para-phenylene-ethynylene)thiolates are conserved upon adsorption on a gold surface
[151]. The features in the photoemission spectra, which are a direct map of the electronic
density of states, of the molecules in the gas phase is maintained for molecules adsorbed on
a gold surface.
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Figure 3.6: Alignment process of molecular orbitals and the work function of a gold surface upon adsorption
of a thiolate molecule after Heimel. The approach facilitates a tying of the electrostatic potential of the
single components. Therein, the chemical reorganization is captured in a bond dipole which connects the
potential of the gold surface with the one in the molecular SAM. Figure taken from [158]
The hybridization can hence be broken down to a mixing of the sulfur lone pair orbital (p-
state) and the metal d states [152]. Thereby, new Molecule-Metal-Interface-States (MMIS) are
formed at a binding energy of about 1 eV below the Fermi level. Considering that the 5d-band
of gold spans a range from 6 eV to 2 eV below the Fermi level this is in good agreement with
the Newns-Anderson-Model of chemisorption [153, 154]. Due to the large coupling strength
these localized states are found at a binding energy above and below the original range of the
d-bands [152, 155].
The contribution of the different orbitals to charge transfer from the metal to the molecule
was elaborated by Mujica and Ratner [156]. In a hypothetical test device, which consists of
the molecule sandwiched between two contacts the current for a given bias voltage V is given
by
I = 2e
piħ
EF+eV∫
EF−eV
|G(E ,V )|2∆L(E ,V )∆R (E ,V )dE , (3.27)
where |G(E ,V )|2 is the trace of the Green function matrix with self-energy broadening at the
contacts and∆L,R the spectral density and occupancy at the left and right contact, respectively
[157]. However, the contribution to the conductance are not constrained to the resonant
transport at the Fermi level but also by tunneling from the lower lying occupied orbitals
to unoccupied bands [88]. Thus, the exact model of the electronic structure is required in
order to generate reliable values for |G(E ,V )|2. This approach is only partially applicable to
charge transport through a molecular monolayer and real devices with modified electrodes,
in particular. On the one side intermolecular coupling and conformation energies in the
monolayer are not considered so far. On the other side non-coherent and thermally activated
transport phenomena are not included either.
In another approach Heimel and coworkers found a method to globally describe the energy
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level alignment process by a DFT calculation approach [82, 62]. For a modeled monolayer the
ionization potentials E I P,le f t ,r i g ht and electron affinities EE A,l e f t ,r i g ht on the upper (right)
and on the lower (left) face of the monolayer can be defined. Therein the LUMO and HOMO
energies are taken as Koopmans value and the electrostatic potential at the respective side of
the monolayer defines the reference vacuum level. This difference ∆Evac in the left and right
vacuum level corresponds to the potential drop due to the intrinsic dipole of the monolayer.
Furthermore, the induced dipole due to the chemical bond to the metal surface needs to be
considered. Therefore the change in the charge distribution is explicitly calculated to
∆ρ = ρ− [(ρmol−ρH)+ρAu], (3.28)
with ρ,ρmol,ρH and ρAu being the charge densities of the joint system, the neutral molecule
in the isolated monolayer, the terminal thiolate hydrogen atoms and the gold surface, re-
spectively. Then, the bond dipole contribution ΦBD is calculated from Poisson’s law as in
equation (3.16). The position of the LUMO and HOMO with respect to the Fermi energy of
the substrate are then given by successive addition of the contribution from the metal to the
molecule along the z-coordinate
∆ELUMO =Φ−ΦBD−EE A,le f t , (3.29)
∆EHOMO =Φ−ΦBD−E I P,l e f t , (3.30)
with the metal work function Φ and the monolayer being attached with the bottom (left)
side to the surface. In this model the alignment of further molecular orbitals is reasoned in
the same way and leads to a rigid shift of the molecular DOS with respect to the Fermi level.
The position of the occupied and unoccupied states can directly be observed in regular and
inverse photoemission experiments. Yet it is found, that the position of the aligned states
demand for a correction to find a good match to the calculated values to account for chemical
reorganization energies. Heimel refers to these states as highest occupied pi-state (HOPS) and
lowest unoccupied pi-state (LUPS) and finds the corrections to be of the order of 0.3 eV for
many thiolate-gold systems [158].
This formalism offers a unique opportunity to immediately read off the work function change.
Therefore, the path of an emitted electron through the potential wells is traced from the gold
Fermi level to outside the molecular SAM on the top side (right). This is done in adding either
EE A,r i g ht or E I P,r i g ht to equation 3.29 or 3.30, respectively. The common result for the total
work functionΦ′ then is
Φ′ =Φ−ΦBD−∆Evac. (3.31)
This equation hence represents a correction of the original work function by the chemical
induced bond dipole and the intrinsic molecular dipole.
Without detailed quantum mechanical calculations at hand a good estimate for the two
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components of the work function alteration is already given by the Helmholtz equation [159]
[160]
ΦBD =
eNµAu−S,⊥
²0²eff
, (3.32)
with N being the density of adsorbed molecules, e the unit charge, ²0 the vacuum permittivity,
² the effective dielectric constant of the SAM and µAu−S,⊥ the component of the induced
dipole layer perpendicular to the surface. This equation includes the impact of the surface
coverage on the work function change. However, it shall be noted that ²eff is related to N in a
non-trivial way [84].
The consideration of the intrinsic dipole layer requires an additional term. It is not sufficient to
simply add the dipole moment of the molecule itself but the charge distribution of the mirror
image in the gold film, too. Risko and coworkers found this expression in the electrostatic
limit to be [161]
∆Evac,i m =
∑
i= j
qi q j
8pi²0²effri j
+∑
i 6= j
qi q j
8pi²0²effri j
. (3.33)
Therein, qi and q j denote the charge on the atoms i in the molecule and j in the image
while ri j is the distance between the species. The first term accounts for the self-image
interaction, while the second term describes the cross-image interaction. Risko found these
image charges to be in the range of -0.1 - 0.5 eV for aromatic thiolate monolayers on gold. On
the other side the contribution of the dipole layer to the work function can be tailored simply
by changing the terminal groups in the molecular backbone [162].
3.3 Surface and Interface Energetics
The adsorption of molecules on the surface is a significant perturbation of the energetic
properties of the surface, analogous to the change in electronic properties. The new surface
could convey a surface diffusion of further adsorbants on top or become sticky. Most strikingly
this can be seen on a macroscopic length scale from the wettability of surfaces. Once a
monolayer is adsorbed, droplets of liquid do not spread easily on the surface anymore. In
general terms this is often referred to as "Lotus Effect" [163]. On the other side a perfectly
cleaned metal surface becomes hydrophilic and an applied liquid drop wets the surface
immediately. In order to quantify these effects and find the relevance for thin film growth,
the surface and adhesion energies need to be quantified.
3.3.1 Surface Free Energy
The surface free energy is a crucial quantity for the description of organic thin-film growth. At
the thermodynamic equilibrium the surface free energy γs is used to describe the tendency
of the surface to bind molecules. In comparison to the cohesion energy in bulk solids, the
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Figure 3.7: Definitions of the interfacial tensions and the contact angle used in the formulation of Young’s
equation (3.34)
surface free energy is equal to the work used to create a surface from the bulk material, by
breaking the bonds at one site and removing the adjacent molecules or atoms.
A simple concept can be used to calculate the surface free energy of a solid sample surface. A
small amount of a liquid with a known surface tension is placed upon the surface and forms a
sessile drop under a contact angle φ. The relation of the interfacial tensions between vacuum
and liquid γvl , liquid and solid γsl , vacuum and solid γsv and the contact angle are given by
Young’s equation formulated already in 1805
γl v cosφ= γsv −γsl (3.34)
In the derivation of this relation it is assumed that the solid surface in contact with the liquid
is smooth, homogeneous, isotropic and non-deformable. Since real surfaces differ more
or less pronounced from these restrictions there exists a controversy over the validity and
applicability of the thermodynamic status of contact angles and Young’s equation. In the case
of the smooth and homogeneous surfaces presented within this thesis the latter conditions
are met quite well.
The parameters γl v and φ are experimentally accessible. However, two parameters remain
undetermined and are connected by an equation of states in this approach by Li and Neu-
mann [164]. f is a function, which describes the type of interactions and is required to be
found empirically by contact angle measurements.
γsl = f (γsv ,γl v ) (3.35)
leads to
γl v cosφ= γsv − f (γsv ,γl v ) (3.36)
In order to solve equation(3.36), the free energy of adhesion Wsl is introduced. Wsl is the
energy per unit area equal to the work required to separate a unit area of the solid-liquid
interface and amounts to
Wsl = γl v +γsv −γsl (3.37)
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The free energy of adhesion is proposed as a modified geometric mean of the free energy of
cohesion of the solid pair Wss and the liquid pair Wl l . With the definitions Wss = 2γsv and
Wl l = 2γl v Good and Girifalco showed that a modified geometric mean can be expressed as
[165]
Wsl = 2Φpγl vγsv (3.38)
with Φ = e−β(γl v−γsv )2 being a factor, attainable only by empiric measurements, which de-
scribes the different interaction forces between the molecules. The insertion of (3.38) in (3.37)
yields
γsl = γl v +γsv 2pγl vγsv e−β(γl v−γsv )
2
(3.39)
with β being an empirical constant found to be β≈ 1.247×10−4 m2/mJ2. Combining the latter
equation with Young’s equation (3.7), the surface free energy can be determined by
cosφ=−1+2
√
γsv
γl v
e−β(γl v−γsv )
2
(3.40)
[166]. The method presented can be used for a quick estimation of the surface free energy of a
sample. In a different - but potentially more erroneous - approach the interaction between the
testing liquid, and thus adsorbates in general, with a substrate can be divided into different
parts. Therein, polar, dispersive and acid-base type interactions are only allowed between
parts of the same kind. For additional information on this topic the interested reader is
referred to [123].
The preceding results can directly be forwarded to the growth tendencies of evaporated
organic thin films. In a very similar fashion the adhesion of a newly forming film i on
a substrate j can be derived. Moreover it is known from solubility calculations that the
coupling between polar and dispersive van-der-Waals interactions becomes negligible [167].
Under the assumption that the different kinds of interaction terms do not mix considerably
a geometric mean of the adhesion energy can be found according to Berthelots rule. The
adhesion energy then amounts to
Eadh,i , j = 2
√
γiγ j , (3.41)
where γi = γsv,i and γ j = γsv, j are the surface free energies which are previously determined.
In a trivial way the cohesion energy, the tendency of the film to form clusters instead of
spreading the substrate, is calculated by j = i . The values obtained give a good estimate on
the preferred thin film growth scenario.
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Surface Characterization
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Many decisive measurement techniques were developed and refined in the last decades, which
help in accessing the physical properties of surfaces. An overview over the suitability of these
methods for the investigation of molecular self-assembled monolayers on metal surfaces is given
in [141]. Herein, three distinct experiments play a key role. First of all, the electronic structure
and chemical composition of the surface is directly mapped by Photoelectron (synonymous:
Photoemission) Spectroscopy (PES). Second, Fourier Transform Infrared Spectroscopy yields
detailed information of the proper molecular structure and orientation of the adsorbates.
Third, contact angle measurements enable access to the energetic properties of the newly
formed surface. In this chapter the utilization of these techniques in the scope of this work is
sketched in brief.
4.1 Photoelectron Spectroscopy
In this section the basics of Photoemission Spectroscopy (PES) are explained. The explanation
is based on the reports of Cardona and Hüfner to which the interested reader is referred to for
an elaborate and detailed description [133, 168, 169].
PES denotes a very important method to experimentally determine the electronic structures
and the density of states of solid state matter. The measurement technique is based on the
photoelectric effect, which was first detected by Alexandre Edmond Becquerel in 1839 and
theoretical explained by Albert Einstein in 1905 [170, 171].
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4.1.1 Photoemission From Solids
The principle of Photoemission Spectroscopy allows many useful experiments to examine
the chemical and electronic properties of solid surfaces. The technique is non-destructive to
most systems and highly surface sensitive. The sample is exposed to photons with a known
energy ħω which interacts with the surface atoms as discussed before. The kinetic energy
Ekin of the emitted photoelectrons is measured by a detector. The basic equation to interpret
the photoelectron spectra can be written as
Ekin =ħω−EB. (4.1)
The binding energy EB is deduced from the difference of the photon energy and the kinetic
energy of the electrons. This binding energy is referred to the Fermi level and differs from the
binding energy, measured by photoemission spectroscopy (PES), which includes the vacuum
level and thus additionally the work function Φ. Thus, with respect to the vacuum level of
molecules or the Fermi level in solids the work function needs to be considered
Ekin =ħω−EB−Φ=ħω−E VB . (4.2)
Ekin depends on the wave number k due to the electronic band structure of the solid. Thus
the energy distribution shows a dependence on the angle of incidence of the photon and the
symmetries of the crystal structure [105]. Generally the distribution of E VB is very complex.
In the model of a free electron gas the relation between Ekin and the wave number k is very
simple
EB(k)= E0− ħ
2k2
2m
. (4.3)
where, E0 is the bottom of the valence band. Actually photo emission would not occur in a gas
of absolutely free electrons due to the conservation of linear momentum. The momentum of
a photon in the range of ultra violet light (< 100 eV) is a lot smaller than the momentum of
electrons of the same energy. Optical excitation of an electron is possible, when the missing
momentum can be compensated by the remaining ion in the case of free atoms or by the lat-
tice in solids. The momentum can only be assigned in discrete values, which are identical to
the reciprocal space vectors of the solid. The whole photoemission process can be described
in a three-step model, which is very useful for the interpretation of the spectroscopic data
[133].
Historically this three-step-model is a very successful concept to describe the photo emis-
sion data from a phenomenological point of view. It is widely used since the work of Berglund
and Spicer [172]. Based on this publication, Cardona and Ley described these steps in the
following way [133]
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Figure 4.1: Energy distribution curve (EDC) of a copper surface, which is analyzed by Ultraviolet Photoemis-
sion Spectroscopy (UPS). The curve consists of two contributions. The underground of secondary electrons
does not have any information of the surface. The distribution of the primary electrons contains information
on the initial binding energy and allows a visualization of the density of states of the solid surface. Figure
taken from [169]
• Optical excitation of an electron
• Transport of the electron through the solid with the possibility of inelastic scattering
• Escape through the sample surface into vacuum
The energy distribution curve (EDC) of photo emitted electrons consists of the primary distri-
bution Ip(E ,ω) of electrons without any inelastic collisions and the secondary distribution
Is(E ,ω)) of electrons , which lost energy by one ore more collisions
I (E ,ω)= Ip(E ,ω)+ Is(E ,ω) (4.4)
The primary distribution of electrons without energy loss marks the crucial part of the PES
spectrum for the analysis of the electronic structure of the solid surface and is factorized into
three distributions according to the Three-step model
Ip(E ,ω)= P (E ,ω)×T (E)×D(E). (4.5)
P (E ,ω) is the distribution of photo excited electrons, T (E) the transmission function and
D(E) the escape function. The transmission function depends on the inelastic mean free
path of the electrons λe (E) and the attenuation length of the photons λph(ω), under the
assumption of an isotropic solid
T (E)= λe (E)/λph(ω)
1+λe (E)/λph(ω)
(4.6)
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The escape from a solid is only possible for those electrons with a component of the linear
momentum, which is normal to the surface and sufficient to surmount the potential barrier
Φ+EF. The assumption of plane-wave-like electrons leads to an escape cone with the opening
angle θ relative to the surface normal
cos(θ)=
(
Φ+EF
E
)1/2
(4.7)
and to the isotropic distribution of electrons D(E) inside the solid
D(E)= 1
2
[
1−
(
Φ+EF
E
)1/2]
Θ(E − (EF+Φ)) (4.8)
D(E ) and T (E ) are smooth functions of E , which reach beyond the energy cut-off and distort
the distribution of P (E ,ω). In the case of multiple scattering processes the distribution will
get more structureless with possible peaks due to strong plasmon losses, which are usually
well separated from the primary valence band distribution [133].
The spectrum of the photo excited electrons is given by the bulk optical excitation of
electrons from the occupied states En into unoccupied states En′ . The crystal momentum~k
is conserved in the reduced zone scheme, under the assumption, that these are bulk states.
Hence P (E ,ω) can be written as
P (E ,ω)∝ ∑
n,n′
∫
d 3k| 〈ψn′ |~p |ψn〉 |2 δ[En′(~k)−En(~k)−ħω]×δ[En′(~k)−E ] (4.9)
This expression is closely related to the imaginary part of the dielectric function ²2(ω) [103],
except for the additional δ-function, which selects from all possible transitions that contribute
to ²2(ω) those with final energies En′ equal to E , selected by the electron analyzer. With
constant matrix element Mnn′ = 〈ψn′ |~p |ψn〉 the expression contains a joint density of states
(JDOS) analogue to ²2(ω), which counts the total number of transitions possible at a photon
energy ħω. P (E ,ω) is thereby reduced to the so-called energy distribution of the joint density
of states (EDJDOS)
P (E ,ω)∝ ∑
n,n′
∫
d 3k δ[En′(~k)−En(~k)−ħω]×δ[En′(~k)−E ] (4.10)
For special choice of E and ω the integral gives rise to van Hove like singularities. The
framework of the three-step model allows the interpretation of these singularities, which are
modulated in intensity by the matrix element, the transport and escape factors. The intensity
of the peaks are not satisfactorily described in this scope because of the simplifications made
such as the assumed independence of D(E) and T (E) on~k.
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Figure 4.2:Working principle of a state-of-the-art photoelectron spectrometer with a hemispherical analyzer
(HSA). Photoelectrons are excited by irradiating the sample with monochromated electromagnetic radiation.
The emitted electrons are collected by an electrostatic lens system which facilitates a retardation of the
kinetic energy, too. After passing the entrance slit S1 the electrons, whose kinetic energy matches the pass
energy, traverse the HSA of radius R0. Eventually the electrons are detected in a position sensitive detector
after passing the exit slit S2. Figure after [173]
Thus the three-step model can be extended to a framework, which considers the anisotropy
with respect to k by
P (E ,ω)∝ ∑
n,n′
∫
L
d 3k
dlnn′
|∇k En′(~k)×∇k En(~k)|
(4.11)
4.1.2 Spectrometer Setup
Within this work photoemission spectra are taken at two different spectrometers. Spectra
taken at the National Institute of Standards and Technology are acquired on a Kratos Ultra
Axis DLD setup. Measurements performed in Aachen are conducted on a Specs Phoibos
100 system in a custom-built chamber, which was designed in the beginning of the thesis.
Whereas technical details are available directly from the aforementioned manufactures,
relevant measurement details are reported in the respective sections of the discussion. In
this subsection the relevant working principle of a modern photoemission spectrometer is
sketched briefly.
The basic assembly of a photoemission spectrometer is given in figure 4.2. The photon
source emits a monochromatic beam of photons onto the sample. The excited photoelectrons
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are focused by a system of electronic lenses and directed to the detector above the sample
passing through the hemispherical analyzer (HSA), which thereby selects the kinetic energy
of the detected electrons. The binding energy is given by subtracting the kinetic energy from
the initial photon energy. Hence, this analyzer setup measures the number of electrons for
each kinetic energy.
More precisely, the electrons travel from the sample to the system of electronic lenses above
the sample. The lens system focuses the electron beam on the entrance slit S1 of the HSA and
retards the kinetic energy Ekin of the electrons by the energy Eret, which is given by
Ekin = Eret−Epass (4.12)
while the pass energy Epass is the energy of the electrons, which are transmitted through
the analyzer, by moving from the entrance slit of the analyzer through the central trajectory
between the inner and the outer hemispheres to the exit slit S2. The HSA is a capacitor with
a constant radial electric field E between the inner and the outer hemisphere. This electric
field deflects the electrons into elliptical trajectories between the hemispheres, due to the
Lorentz force
F = eE . (4.13)
Electrons, which move along the central trajectory at the radius R0 then have a nominal pass
energy of
Epass = ekδV , (4.14)
where e is the unit charge, k is a calibration constant of the analyzer geometry and ∆V the
potential difference between the hemispheres. Since the transmission through the HSA
and the spectral resolution strongly depends of the pass energy, it is more convenient to
operate the system at a constant pass energy in the FAT1 mode. While the selection of Ekin
is kept constant, a retardation of the photoelectrons is achieved by the lens system before
the electron traverse S1. Thereby, a scan over all kinetic energies is accomplished at a well
confined resolution.
The whole setup yields the valence band spectra in the energy range of ultraviolet photons
and the core level spectra in the energy range of X-rays [133]. Generally the small cross
sections of hydrogen and helium for the incoming X-rays make it impossible to detect these
elements by XPS. Thus, the technique is limited to lithium or heavier elements [169].
In order to conduct the experiments with high precision an ultra-high vacuum environment
is required for two reasons. First, due to the surface sensitivity of the method2 a surface
layer of adsorbates would deteriorate a measurement at non-ultrahigh vacuum conditions.
Second, the deflection of electrons needs to be minimized. In the PES experiments, which are
1Fixed Analyzer Transmission
2electron exit length ≈ 2-20 Å
74
4.2 Fourier Transform Infrared Spectroscopy
presented in this thesis, a vacuum pressure in the lower 10−10 mbar regime is accomplished.
4.2 Fourier Transform Infrared Spectroscopy
Infrared spectroscopy is a reliable and readily available tool to gather information on vi-
brational properties of adsorbates. Vibrational energies of organic molecules are in the
mid-infrared regime in which the molecules resonantly absorb incident light. The absorption
intensity shows the correlation
d Iabs ∝
∣∣∣∣~E · ∂~µ∂r
∣∣∣∣2 , (4.15)
wth ~E being the electric field vector of the incident light and ∂~µ∂r the dynamic dipole moment
of the molecule along the direction r . From this relation it becomes apparent that only funda-
mental modes with a dynamic dipole moment parallel to the electric field vector yield a signal
in infrared absorbtion spectroscopy. This opens a unique chance for the characterization of
ordered molecular thin film. Employinging polarized IR radiation under a fixed angle the
orientation of the molecules in the film can be determined [105]. Under a grazing angle even
monolayer sensitivty can be reached for organic molecules on metal surfaces by making use
of the surface selection rule. The latter describes the pronounced field enhancement of the
p-polarized component of the incident IR radiation [174].
In the course of this work, various setups are employed, whose measurements parameters
will be described in subsequent chapters. At this point only the basic principle of the instru-
mentation and the core components will be presented. A detailed description of the FTIR
setup can be found in [175] from where the following summary has been taken from. In figure
4.3 the principle of an FTIR spectrometer is illustrated. The beam of the IR source is first
deflected into a Michelson interferometer. The interferometer consists of a semi-permeable
mirror to split the original beam into two parts of the same intensity. The splitted beams are
each reflected at two different mirrors and the interferogram of both beams is subsequently
focused on the sample in the sample chamber and finally to the detector. Before, one beam is
reflected from a mirror with a fixed distance, whereas the other one is reflected from a moving
mirror. Then, the optical retardation δ of the two components of the IR beam produces the
interferogram
I (δ)=
∞∫
−∞
B(k)cos(2pik δ)dk (4.16)
where B(k) is the spectral intensity at the wave number k. The optical retardation is most
accurately measured with the interferogram of a monochromatic light source3. With this
3He-Ne Laser: λ= 632,816 nm wavelength
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Figure 4.3: Principal setup of an FTIR spectrometer. Beamsplitter and mirrors are the integral components
of the instrument. For all measurements a Globar source and liquid nitrogen cooled MCT4 detectors are
employed. A total spectral resolution of about 1 cm−1 is accomplished. After [176]
well-known wavelength, the optical retardation is calculated from the interferogram of the
laser beam. Applying a Fourier transformation to the detected interferogram I (δ) then yields
the spectral intensity B(k) to
B(k)=
∞∫
−∞
I (δ)cos(2pik δ)dδ (4.17)
4.3 Contact Angle Measurements
4.3.1 Drop Shape Analysis Setup
The dropshape analyzer (DSA 10) from the company Kruess is a device suited for the fast
and easy determination of contact angles and hence surface energies. The setup mainly
consists of a dimmable lamp for the sample illumination, a sample holder stage, which can
be adjusted in y and z direction, a syringe holder and a camera opposite to the lamp. A
glass syringe with a test liquid is adjusted in the syringe holder so, that both, its tip and the
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Liquid γtheol
[mN
m
]
γ
exp
l
[mN
m
]
Water 72.8 0
Ethyleneglycol/Water 20:80 44.8 0
Ethyleneglycol/Water 40:60 44.8 0
Ethyleneglycol/Water 60:40 44.8 0
Table 4.1: Surface tension of the employed testing liquids. All theoretical values are reported by Raible
[177] at room temperature (22 ◦). The experimental values were obtained from a OTS covered SiO2 covered
reference surface with the actual mixed emulsions.
substrate surface, are in the camera focus. The plunger of the syringe can be pushed by an
adjustable knob until a drop of the test liquid can be seen on the video system. By raising
the substrate along the z-axis the drop is pulled off on the surface. For practical use the glass
syringe was substituted by a manually operated Eppendorf pipette. Therefore a constant
drop volume of 2µl has been set. This eliminates the influence of the drop volume on the
measured contact angle. It as been reported that the drop volume can have an impact on the
drop shape [Ref Drop volume]. Especially large values (> 10µl) are known to falsify the results.
The shape of the drop is determined with the video system as a snapshot picture obtained
after a few seconds, when the drop reaches its equilibrium shape. The contact line of the drop
as well as the contact angle is determined by the software program from the recorded images.
Pure bidistilled water and 3 different ethylenegylcol/water emulsions have been used as test
liquids to determine the contact angles. Their surface tension values are listed in table 4.1 For
each measurement 8 drop shapes were recorded. The contact angles are averaged and the
mean value was used in subsequent calculations [177].
4.3.2 Contact Angle Determination
The determination of the contact angle can prove to be even more difficult than expected.
It is required to keep the following possible sources of error in mind before evaluating the
contact angle data by the methods presented in the last subsection.
• Rough surfaces can increase the contact angle and lead to non-symmetric drop shapes.
• Chemical reaction between the testing liquid and the sampled surface. Inertness is one
of the prerequisite for the test liquid
• Segregation of the binary test liquid could change the surface tension. Thus pure
liquids on the base of a single molecule are favored.
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Figure 4.4: a) Flat drops (φ<30 °) can be approximated by a circle form, while for larger contact angles b) an
elliptic form yields a better fit to the actual shape of the liquid drop
• For large drop volumes, gravitation can distort the shape of the drop and reduces the
measured contact angle.
For smooth non-reactive surfaces and inert test liquids the drop shape can be evaluated by a
set of different methods. For low contact angles (< 30 °), and thus a high surface free energy,
the drop can be well approximated by a circular shape.
x2+ (y − y0)2 = r 2 (4.18)
The slope at the x-axis intercept is equal to the tangent of the contact angle. For larger contact
angles a circle no longer matches the form of the drop properly. Hence, an elliptic equation is
fitted to the dropshape
x
a
2
+
( y − y0
b
)2
= r 2. (4.19)
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Computational Chemistry
In the last decades computational chemistry advanced together with the widespread avail-
ability of computational power to a versatile tool for the investigation of several many-body
problems. Amongst many different methods density functional theory stands out as an es-
tablished tool to quickly derive the physical properties of a system by simply finding the real
ground state electron density of the system. In this chapter the foundations of this well estab-
lished but constantly developing technique are sketched. The basic equations are derived as
far as necessary for the understanding of the systems investigated in this work. For detailed
information the interested reader is referred to the book of Martin [178] and a corresponding
summary in [175] from which the following explanation is adapted.
5.1 Introduction to DFT
Here, the most fundamental equations and approximations of DFT are presented. DFT
methods offer a clear pathway in computational chemistry to derive a compact set of material
properties. Hwoever, by definition DFT can be employed to calculate the electronic ground
state properties, which for instance include energetic structure, equilibrium crystal structure
and nuclear vibrations. Excited state effects like transport properties and optical transitions
are partly accesible by using Time–Dependent Density Functional Theory (TDDFT). The
goal of DFT is to compute these material properties ab initio. This means that no empirical
constants or corrections but only the fundamental principles of quantum mechanics are
employed to derive the desired solutions. Although DFT has significantly improved the
field of computational chemistry and solid state physics a crucial parameter is given by the
computational time needed.There are still cases, where highly accurate calculations consume
an unsuitably large amount of time [175]. In this study, the program code GAUSSIAN [179] has
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been utlized for the analyzsis of the different isolated molecules investigated. In particular,
molecular structures have been optimized and IR spectra have been simulated. For the
extended molecule on metal systems the openMX and Quantum Espresso code is employed
[180].
In the following the derivation of the basic equations of DFT is performed starting from
the universal time–dependent Schrödinger equation [181]
iħdΨ
(
{~ri }, {~RI }, t
)
d t
= HˆΨ({~ri }, {~RI }, t) , (5.1)
with the set of positions of all electrons including spin {~ri }, the set of positions of all nuclei
{~RI }, the many–body wave functionΨ
(
{~ri }, {~RI }, t
)
and the hamiltonian Hˆ . The latter can be
expressed as
Hˆ =− ħ
2
2me
∑
i
∇2i −
∑
i ,I
ZI e2∣∣~ri −~RI ∣∣ + 12
∑
i 6= j
e2∣∣~ri −~r j ∣∣ −
∑
I
ħ2
2MI
∇2I +
1
2
∑
I 6=J
ZI ZJ e2∣∣~RI −~R J ∣∣ . (5.2)
where, the electrons are denoted by lower case subscripts with mass me and charge e, whereas
the nuclei with mass MI and charge ZI e carry upper case subscripts. (5.2) includes all
complex many–body terms in the respective Hamiltonian with the exclusion of relativistic
effects, which are essential for finding the accurate solution.
The Schrödinger’s equation (5.1) may now be reduced to its time–independent form as excited
electronic state effects are omitted:
Ψ
(
{~ri }, {~RI }, t
)=Ψ({~ri }, {~RI }) ·e−i Eħ t , (5.3)
and eventually
HˆΨ
(
{~ri }, {~RI }
)= EΨ({~ri }, {~RI }) . (5.4)
5.1.1 Born–Oppenheimer Approximation
The adiabatic approximation (also Born–Oppenheimer approximation) denotes the next
simplification to solve (5.4) with the Hamiltonian (5.2) [182]. To begin with,the kinetic energy
of the nuclei can be neglected since the inverse mass of the nuclei 1/MI reduces this value
with respect to all others by MI Àme . As the Coulomb forces on both nuclei and electrons are
similar, the nuclei are less accelerated than the electrons. Hence, the motion of electrons and
nuclei can be decoupled. This in turn leads to a decomposition of the total wave functions to
a product of wave functions of nucleiΨn and electronsΨe ,
Ψ
(
{~ri }, {~RI }
)=Ψe ({~ri }, {~RI }) ·Ψn ({~RI }) . (5.5)
In the adibatic approximation the motion of the nuclei can be regarded as frozen on the
timescale of electronic motion, meaning the coordinates of nuclei are kept fixed in the
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Schrödinger equation of the electronic system. This approach presents an appropriate simpli-
fication for many purposes. However, in certain cases the Born–Oppenheimer approximation
does not yield sufficiently exact results. However it depicts a starting point for refinement of
the results by perturbation theory, e.g. for electron–phonon interactions [178].
So far, the hamiltonian can be expressed as
Hˆ = Tˆ + Vˆext+ Vˆi nt +E I I . (5.6)
In Hartree atomic units1 the kinetic energy operator for the electrons takes the form
Tˆ =∑
i
−1
2
∇2i , (5.7)
the external potential due to the Coulomb field of the fixed nuclei acting on the electrons
simplifies
Vˆext =
∑
i ,I
VI
(∣∣~ri −~RI ∣∣), (5.8)
while the electron–electron interaction becomes
Vˆi nt = 1
2
∑
i 6= j
1∣∣~ri −~r j ∣∣ . (5.9)
E I I describes the classical interaction between the nuclei and any other contribution to the
total energy which is irrelevant for the description of the electrons. Therefore, the Schrödinger
equations simplifies to
HˆΨe
(
{~ri }, {~RI }
)= Ee ({~RI })Ψe ({~ri }, {~RI }) , (5.10)
with the Hamiltonian Hˆ from (5.6). As known from basic quantum mechanics, the total
energy equals the expectation value of that Hamiltonian,
E = 〈Ψ| Hˆ |Ψ〉〈Ψ|Ψ〉 ≡ 〈Hˆ〉 = 〈Tˆ 〉+〈Vˆi nt 〉+
∫
d 3r Vext (~r )n (~r )+E I I . (5.11)
The subsequently developed Force Theorem makes use of the positions of the nuclei to
determine a solution of the stationary Schrödinger equation (5.10).
5.1.2 Force (Hellmann–Feynman) Theorem
In general, the Force Theorem relates the derivative of the eigenvalues of the total energy E
with respect to a given parameter λ, to the expectation value of the derivative of the hamilton
operator Hˆ with respect to that parameter [183, 184],
∂E
∂λ
=
∫
ψ?(λ)
∂Hˆλ
∂λ
ψ(λ)dτ. (5.12)
11 H ar tr ee ≈ 27,211eV and spatial dimensions are given in multiples of the Bohr radius a0 = 4pi²0ħ
2
me e2
≈ 0,5292 Å.
leading to ħ=me = e = 4pi/²0 = 1
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The most straightforward approach is to set the position of each atom core as a parameter λ
and use the total energy from (5.11). (??) then corresponds to the force on that nucleus. Then,
this force is given strictly in terms of the charge density n (~r ), but independent of the electron
kinetic energy, exchange or correlation as
~FI =− ∂
∂~RI
E =−
∫
d 3~r n (~r )
∂Vext (~r )
∂~RI
− ∂E I I
∂~RI
. (5.13)
With the wave function of the electrons from the solution of the Schrödinger equation (5.10),
the forces on the nuclei can be determined. For the ground state, the energy is minimal with
respect to all possible variations of the wave function, i.e. all forces on the cores add up to
zero and the nuclei stays fixed in its position.
5.2 Fundamental Theorems in Density Functional Theory
The electron density n (~r ) plays a central role in the solution of Schrödinger’s equation (5.10)
in density functional theory. By calculating the expectation value of the density operator nˆ (~r )
nˆ (~r )=
N∑
i=1
δ (~r −~ri ) (5.14)
for a system, that is described by a wave functionΨ, one can determine the electron density
to
n (~r )= 〈Ψ| nˆ (~r ) |Ψ〉〈Ψ|Ψ〉 =N ·
∫
d 3r2 · · ·d 3rN |Ψ (~r ,~r2,~r3, · · · ,~rN )|2∫
d 3r1 · · ·d 3N |Ψ (~r1,~r2, · · · ,~rN )|2
. (5.15)
Thomas and Fermi have been first to determine a feasible way for the incorporation of the
density as a functional of the total energy in 1927 [178]. Nonetheless, this first approximation
was not accurate enough, in particular for shell structures of atoms and binding of molecules
[178]. However, further approaches described in the following revealed the potential of DFT
to calculate atomic properties
5.2.1 Hohenberg–Kohn Theorem
The key approach to proficient DFT calculations was made by Hohenberg, Kohn and Sham.
First, Hohenberg and Kohn formulated DFT as an exact theory of many–body systems [185].
In fact, this approach applies to any system of interacting particles in an external potential
Vext (~r ) i the corresponding Hamiltonian can be written in the form of (5.6), including any
problem of electrons and frozen cores. Two theorems have been formulated by Hohenberg
and Kohn for the foundations of DFT [178].
• Theorem 1: For any system of interacting particles in an external potential Vext (~r ), the
potential Vext (~r ) is determined uniquely, except for a constant, by the ground state
particle density n0 (~r ).
82
5.2 Fundamental Theorems in Density Functional Theory
• Theorem 2: A universal functional for the energy E [n] in terms of the density n (~r ) can
be defined, valid for any external potential Vext (~r ). For a particular Vext (~r ), the exact
ground state energy of the system is the global minimum value of this functional, and
the density n (~r ) that minimizes the functional is the exact ground state density n0 (~r ).
These theorems lead to certain implications. Theorem 1 means, that the many–body wave
functions for all states are determined, because the Hamiltonian is fully determined by the
density (except for an arbitrary constant). Hence, all ground state properties of the system
are completely determined with the given ground state density n0 (~r ). Theorem 2 states, that
each such property can be expressed as a functional of the density and the total energy from
(5.11) can be written as an energy functional.
EHK [n]= T [n]+Ei nt [n]+
∫
d 3r Vext (~r )n (~r )+E I I
≡ FHK [n]+
∫
d 3r Vext (~r )n (~r )+E I I , (5.16)
where E I I denotes the interaction energy of the cores and Vext (~r ) the potential of the frozen
cores acting on the electrons. In (5.16), the Hohenberg–Kohn functional FHK [n] is defined as
FHK [n]= T [n]+Ei nt [n] . (5.17)
The functional comprises all internal kinetic and potential energies of the interacting elec-
trons. FHK is universal in the sense that it is the exact same functional for all electronic
structure problems as it is independent of any external potential Vext (r ).
Eventually, for any trial density n′ (~r ) with
∫
d 3r n′ (~r )=N and n′ (~r ) 6= n0 (~r ), the electronic
energy always follows the relation
E
[
n′
]> E [n0] . (5.18)
According to the variational principle the exact ground state density and all physical ground
state properties of the system could be determined. However, the required exact determina-
tion of the unknown density functional remains very complicated or rather impossible.
5.2.2 Kohn–Sham Ansatz
This problem is finally solved or rather avoided with the ansatz of Kohn and Sham in 1965
[186]. The Kohn–Sham equations denote the breakthrough in the theory and establishing DFT
as one of the most widespread methods for electronic structure determinations. The original
many–body problem with interacting particles is replaced by an auxiliary independent–
particle system which accurately mimics the original system. This can be achieved by gener-
ating the same but now interacting density n (~r ) as in the system of independent particles.
Thereby only N Schrödinger–like equations in 3 dimensions need to be solved instead of
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one Schrödinger equation in 3N dimensions. The independent–particle equations can
therefore be solved exactly with all difficult many–body terms summarized into an exchange–
correlation functional Exc [n]. In summary this means that first, the exact ground state density
can be represented by the ground state density of an auxiliary system of non–interacting
particles. And second, the Kohn–Sham defined Hamiltonian can now be expressed as the
sum of the kinetic energy operator and a specific potential Vs(~r ), that ignores the internal
electron–electron interaction but yields the same density n (~r ) as in the coupled system.
Therefore the new Hamiltonian
HˆK S =−1
2
∇2+Vs (~r ) (5.19)
represents the physical system, but introduces the potential Vs (~r ), which requires further
specification. The Hohenberg–Kohn functional FHK [n] from (5.17) can be reconstructed such
that the energy terms split up differently. Then the density for a system of N non–interacting
electrons can be written as
n (~r )=
N∑
i=1
∣∣ψi (~r )∣∣2. (5.20)
It should be noted that the wave function |ψi 〉 does not represent the true electronic wave
functions of the real system, but is exact wave functions for the previously defined Kohn–
Sham system.
Therein, the kinetic energy for the independent–particle system is given by
Ts =−1
2
N∑
i=1
〈ψi |∇2 |ψi 〉 = 1
2
N∑
i=1
∫
d 3r
∣∣∇ψi (~r )∣∣2. (5.21)
with the electron density n (~r ) the Hartree–Energy is defined as
EHartree [n]= 1
2
∫
d 3r d 3r ′
n(~r )n(~r ′)
|~r −~r ′| . (5.22)
In consequence the expression of Hohenberg–Kohn of the ground state energy functional,
leads to
EK S [n]= Ts [n]+
∫
d 3r Vext (~r )n (~r )+EHartree [n]+E I I +Exc [n] . (5.23)
Vext (~r ) is the external potential acting from the atom cores on the electrons and E I I still is the
interaction energy between the nuclei. Here, all complex many–body effects are included in
the exchange–correlation functional Exc [n]. A comparison of the total energy expression from
Hohenberg–Kohn (5.16) with the Kohn–Sham expression (5.23) yields another expression of
the Exchange–Correlation as
Exc [n]= FHK − (Ts [n]+EHartree [n]) . (5.24)
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Together with the Hohenberg–Kohn functional FHK [n] from (5.17) the exchange–correlation
energy is expressed as
Exc [n]= 〈Tˆs〉−Ts [n]+〈Vˆi nt 〉−EHartree [n] . (5.25)
This is the Exchange–Correlation energy functional Exc consists of the difference of kinetic
and internal interaction energies of the real many–body system from those of the arbitrary
Kohn–Sham system where all electron–electron interactions are summarized in the Hartree
energy. However, only the knowledge about the exchange–correlation energy enables the
calculation of the exact ground state energy and density. Since this value is not accessible,
many approximation to the exchange–correlation term have been pursued [187, 188].
Now the solution of the the Kohn–Sham ground state can be regarded as a problem of
minimization emplozing the variational principle [178], with
∂EK S
∂ψ∗i (~r )
= 0, (5.26)
which leads to an effective Kohn–Sham potential VK S (~r ) on the Kohn–Sham system expressed
as
VK S (~r )=Vext (~r )+ ∂EHartree
∂n (~r )
+ ∂Exc
∂n (~r )
=Vext (~r )+VHartree [n]+Vxc [n] . (5.27)
In brief it is now sufficient to solve the Schrödinger–like Kohn–Sham equation
(HK S −²i )ψi (~r )= 0, (5.28)
with eigenvalues ²i and the effective Hamiltonian HK S :
HK S (~r )=−1
2
∇2+VK S (~r ) . (5.29)
Equations (5.27)–(5.29) are called Kohn–Sham equations. Together with the electron density
from (5.20),
n (~r )=
N∑
i=1
∣∣ψi (~r )∣∣2,
they depict a self–consistent set of equations which can be solved iteratively for an approxi-
mation of the Exchange–Correlation functional.
5.2.3 Approaches to the Exchange–Correlation Functional
In practice an approximation of the exchange–correlation functional is employed to compute
material properties in DFT. Two effects are summarized in the exchange part. First, the Pauli
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exclusion for two electrons with the same spin is covered. Second, the unphysical self–energy
term in the Hartree term in (5.22) is compensated. Correlation is defined as the missing part
to the exact energy which is neither covered by the Hartree nor the exchange term. With
correlation extra degrees of freedom for the wave function are introduced which always lead
to lower a energy for any given state.
Exchange and correlation affects the value ofthe electron density at~r if a second electron
is located at~r ′. This is that each electron creates a depletion zone of electron density, the
exchange–correlation hole, at its location.
The exchange–correlation energy can be written as [186]
Exc =
∫
d 3r n (~r )²xc ([n] ,~r ), (5.30)
with the energy per electron ²xc ([n] ,~r ) at point~r . This energy density can be written as [178]:
²xc ([n] ,~r )= 1
2
∫
d 3r ′
nxc
(
~r ,~r ′
)
|~r −~r ′| . (5.31)
The exchange–correlation hole nxc
(
~r ,~r ′
)
in (5.31) accounts for the effect of interatomic repul-
sion. More precisely, the exchange–correlation hole is an averaged coupling hole resulting
from a pair correlation function. Here, the Coulomb interaction is averaged from e2 = 0 (no
correlation) to e2 = 1 (full correlation) [178, 189]. Eventually the exchange–correlation energy
can be identified as the energy from the interaction of an electron with the corresponding
exchange–correlation hole.
In the following, examples for approximation of the exchange–correlation functional are
presented. They denote the most important approaches on which DFT computations are
based on. The Local Density Approximation by Gunnarsson and Lundqvist is the most basic
approach [190]. Therein it is assumed that a solid mark the limit for the homogeneous
electron gas. Thus the electron density ²xc ([n] ,~r ) can be regarded to be exactly the exchange–
correlation functional of the homogeneous electron gas with the same density n(~r ),
E LD Axc [n]=
∫
d 3r n (~r ) ·²homxc (n(~r )). (5.32)
The exchange–correlation energy density ²homxc (n(~r )) can be divided into exchange and cor-
relation energy densities, such that ²homxc (n(~r )) = ²homx (n(~r ))+ ²homc (n(~r )). ²homx (n(~r )) can
still be derived analytically whereas ²homc (n(~r )) remains to be approximated by e.g. Monte
Carlo methods [178]. In conseuence, accurate results for solids, particularly for metals, whose
electronic structure is close to the limit of the homogenous electron gas are obtained in the
LDA approach. On the contrary, LDA is not suited for structures, where the electron densi-
ties declines rapidlly outside the atom. However, LDA works surprisingly well for strongly
inhomogeneous systems due to the spherical exchange–correlation hole.
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A further approach is called Generalized Gradient Approximation (GGA), which not only
includesthe value n(~r ) itself into the exchange–correlation functional but also the magnitude
of the gradient of density |∇n(~r )|. This leads to an exchange–correlation functional which
can formally be expressed as
EGG Axc [n]=
∫
d 3r f (n(~r ),∇n(~r )). (5.33)
GGA approaches exhibit many advantages over the LDA approximation but also require a
delicate choice of f (n(~r ),∇n(~r )). Many GGA’s are tailored for specific classes of problems
and have only limited universal applicability. Two of the latest developments and today most
common approximations refer from the work of Lee, Yang and Parr in 1988 (LYP) [188] and
Perdew, Burke and Ernzerhof in 1996 (PBE) [191].
FInallly, this leads to the derivation of hybrid functionals. They are generated as linear
combinations of an exact exchange term from Hartree–Fock theory and an explicit density
functional2 [187]. Hybrid functionals yield precise results for the energetic properties and
therefore depict the first choice for many chemical applications [178]. Hence, these func-
tionals are employed in this work to compute molecular properties. For this purpose, a very
common and accurate hybrid functional is the B3LYP–functional [192] which is a variation of
the generalized–gradient functional of LYP in such, that
E B3LY Pxc = (1−a0)E LSD Ax +a0E HFx +ax∆E B88x +ac E LY Pc + (1−ac )EV W Nc , (5.34)
with proposed parameters a0 = 0.2, ax = 0.72, ac = 0.81 [187]. Thus, (5.34) is a hybrid of exact
(Hartree–Fock) exchange E HFx and the standard local exchange functional E
LSD A
x from LSDA,
that is corrected through Becke’s gradient correction functional ∆E B88x [193]. The correlation
energy is employed from the LYP functional, E LY Pc , and corrected by a local correlation
expression EV W N after Vosko, Wilk and Nusair [194].
5.2.4 Summary
In a brief summary the fundametal approach in density functional theory is sketched. The
impossibility to solve the Schrödinger equation for a many–body system representing a
real physical system on a reasonable timescale lead to the introduction of a new approach.
First, Hohenberg and Kohn stated, that a system of interacting particles is uniquely deter-
mined by its ground state particle density. In the subsequent step, an auxiliary system of
non–interacting particles is chose such that it exactly represents the real system. Then the
ground state density of the real system can be replaced by a ground state density of the
non–interacting particles. With a exchange–correlation functional all corrections including
2In Hartree–Fock theory, the exchange term cancels exactly the unphysical self-energy term from (5.22), while in
DFT this correction is approximate.
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electron–electron coupling are approximated. The exact form of this generally inaccessible
functional is still subject of research in this field of theory.
5.3 Calculating Structure and Spectra in DFT
In this work DFT has been utilized to derive structural relaxation, energetic eigenvalues of
molecular orbitals including the density of states and vibrational modes for IR absorption
spectroscopy. However it is of utmost importance that the same settings and parameters
are applied for each job sequence. This is that meaningful results for vibrational spectra
can only be obtained with the optimized structure as input for the frequency calculations
which then need to be performed with the same functional and basis set of wave functions.
Otherwise the results will become unreliable. The corresponding setting with basis sets
including the choices for pseudo potentials that summarize core electrons in an effective
potential to reduce computational power consumption is denoted in each of the relevant
sections of this work.
5.3.1 Structure Optimization
Structural relaxation of a molecule and the joint molecule–surface systems is computed
by iteratively applying the Force–Theorem (5.13) from sec. 5.1.2. In equilibrium, i.e. the
minimum of the total energy, all forces on the atom cores sum up to zero. For a proper
solution a routine, for updating the electron density n (~r ) in each self consistent loop needs to
be defined. Instead of employing the calculated output directly as new input, i.e. nini+1 = nouti
in loop i +1, a linear combination of the output and the input from the previous cycle i is
more promising [195].
nini+1 =αnouti + (1−α)nini = nini +α(nouti −nini ). (5.35)
With the new density the nuclear positions ~RI are changed along the internal force vectors in
order to minimize the forces and start the next self–consistent cycle. In practice these compu-
tations require threshold values for the changes in the maximum and rms displacements of
the nuclei and forces on the nuclei. In this study tight convergence criteria for the scf cycles
and structure optimization iterations have been chosen for the calculations performed in
GAUSSIAN [179]. The convergence criteria for the extended molecule–on–metal systems are
denoted in the corresponding sections.
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5.3.1.1 Calculation of Infrared spectra
Vibrational frequencies are computed by determining the second derivatives of the energy
with respect to the Cartesian nuclear coordinates, i.e. Hessian matrix, with a subsequent
transforation into mass-weighted coordinates. The transformation needs to be performed in
a stationary point, i.e. the ground state geometry, in order to obtain the fundamental modes
of vibration. However, in this harmonic approximation the frequencies are overestimated and
the absorption intensities are rather qualitative. The correct position of the vibrational eigen-
modes can be narrowed down by applying anharmonic corrections. Such corrections have
been implemented the theory into the GAUSSIAN package [196, 197]. Including anharmonic
effects the vibrational eigenvalues amount to
En =χ0+
∑
i
ω¯i
(
ni + 1
2
)
+∑
i
∑
j<i
χi j
(
ni + 1
2
)(
n j + 1
2
)
, (5.36)
where the harmonic frequencies (ω¯i ) are the regular solutions of the Hessian matrix while the
anharmonic constants
(
χ
)
are the third and fourth order energy derivatives with respect to
the normal modes. Then, the fundamental vibrational frequencies (νi ) take the form
νi = ω¯i +2χi + 1
2
∑
i 6= j
χi j . (5.37)
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Experimental Methods
In this chapter the experimental methods to produce the sample structures are introduced.
These include the substrate pretreatment, the preparation of the metal films as well as the final
production of monolayers and organic thin films. Beside the description of the procedures,
the relevant details of the actual setups are explained as well. Moreover, an overview over the
characterization techniques of the thin films and complete devices is given.
6.1 Sample and Device Preparation
In the framework of this study a dedicated sample preparation and analysis setup was in-
stalled and initially operated at the I.Institute of Physics (IA) in Aachen. The ORPHEUS
(ORganic PHotoEmission Ultrahigh vacuum System) cluster system also holds the photoe-
mission spectrometer setup which has been described earlier in this work. In this system the
complete steps from preparing substrates to full devices is pursued in-situ to exclude distur-
bances of the production process from environmental influences. Additionally, an attached
glovebox system is accessible via a load lock chamber. Hence, the growth and subsequent
analysis of the self-assembled monolayers is possible without exposure of the samples to the
ambient, too.
The sample handling within the system is conveyed via sample holders on which a 20×20 mm2
substrate can be attached via screws. With respect to the photoemission measurements all
parts are required to be non-magnetic [169], otherwise low energy electrons would suffer
from deflections and subsequent erroneous energy determination. Therefore, all parts which
are in contact or in close vicinity with the sample are made out of molybdenum.
Up to four sample holders can be inserted into a sample tablet within the vacuum system.
The sample tablet is then ready to be moved between the different chambers across the main
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Figure 6.1: The Orpheus cluster system was planned, designed, installed and operated within the framework
of this thesis. The complete sample preparation steps can be performed without exposing the substrate to
the ambient atmosphere at any point in time. This includes substrate cleaning, metal evaporation, SAM
growth, organic layer evaporation as well as the analysis by photoemission spectroscopy.
distribution chamber. This increases the yield of the evaporation runs. Moreover, samples
of the same run can be compared more reliably. Larger sample series can be stored within
a storage chamber. The vacuum base pressure within the sample distribution and storage
system is kept at 1×10−10 mbar. For a convenient and fast transfer to the glovebox a load lock
chamber is available. This load lock vessel is brought down to a pressure of 2×10−7 mbar
within two hours after being loaded from the glovebox side. The vacuum system of the cluster
consists of turbomolecular pumps and scroll pumps upstream. In order to reach the ultrahigh
vacuum regime, a system bake out and titanium sublimation is applied. With this completely
oil free system a stable base pressure is achieved and the amount of residual hydrocarbons in
the system is particularly low. This especially concerns fatty acids, which are easily adsorbed
on samples and determinate photoemission spectra.
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Figure 6.2: UV Ozone cleaner from MBraun as an integrated component of the inert gas system [198]. The
basic working principle of the UV ozone cleaning process is depicted (after [123]). Samples are introduced
into a container which in turn is flushed with either pure oxygen or clean dry air. The irradiation with a UV
lamp (λ = 185 nm) produces ozone which eliminates surface contaminants and rapidly oxidizes the gold
surfaces employed. Afterwards the sample container is purged with argon for several minutes.
6.1.1 Sample Cleaning
For the given research tasks two different substrate surfaces are employed. Therefore two
different kinds of sample cleaning methods are required.
• First, the substrates employed, i.e. silicon wafers, need to be cleaned before a metal
layer or test device can be deposited on top.
• Second, the metal layer needs to be cleaned from adsorbates in order to achieve a
proper SAM growth.
To start with the bare silicon substrates, these come in two configurations. For the majority
of the experiments plain silicon wafers in (100) orientation with a native oxide layer are cut
into 20× 20 mm2 large pieces. The other silicon substrates which are used for the OTFT
experiments exhibit a thermally grown silica layer with a thickness of 400 nm. The silica acts
as a gate dielectric whereas the silicon underneath is highly p-doped1 and serves as the gate
electrode. Since the growth of a gold layer on top of these two substrates is regarded to be
the same, the pretreatment is carried out in the same way. The photo resist, which covers
the wavers is washed of in a bath of acetone and subsequently propanol. The samples are
held for 15 min in each bath at a temperature of 35 ◦C. Eventually, the solvent is blown off in a
stream of dry nitrogen and transfered to the UHV system. The removal of the photo resist is
verified by optical and atomic force microscopy for reference samples.
Ideally, the freshly evaporated gold surface can directly be transfered to the SAM solution in
the glove box. Yet, such a procedure is not feasible for the decoupled evaporation and inert
gas systems for the sample structures investigated at the Chemical Standards and Technol-
ogy Laboratory at NIST. Therefore, a common cleaning procedure for the gold substrates
1Specific resistance at around 0.1Ωcm
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Figure 6.3: Vacuum thermal evaporation chamber for metal films at the ORPHEUS cluster system (left, after
[200]). Different resistively heated sources may be employed. However, the height profile in the area d As of
a thin-film deposited by vacuum thermal evaporation differs significantly with the source geometry. The
boat sources in this setup correspond well to the scenario of a surface source, depicted in the viewgraph to
the right.
is applied. It is well known, that the exposure of gold surface to a UV ozone plasma cleans
the surface from organic contaminants and produces a thin layer of metastable gold oxide
(Au2O3) [199, 149]. Hence the substrates are treated in a UV ozone plasma for 15 minutes.
The strong hydrophilic surface properties of the gold confirm the proposed surface alteration.
Following a procedure similar to the one proposed by Ron and coworkers, the samples are
rinsed with either di-ionized (DI) water outside the glovebox or with anhydrous ethanol inside
the glove box [148]. In the case of DI-water rinsing, the instable gold oxide is removed from
the surface, yielding a surface which is only covered with physisorbed contaminants. The
latter are immediately inserted into the inert gas system in order to prevent the adsorption of
persistent contaminations.
6.1.2 Metal Evaporation
In the following the preceding production of the gold films is described. After being cleaned,
the silicon substrates are metalized by Vacuum Thermal Evaporation (VTE) in a vacuum
chamber. This takes place in the ORPHEUS cluster system. A total of four samples is processed
in each deposition run. VTE is a method which is employed in order to deposit thin films
in the range of nanometers down to only a few Angstroms or even submonolayer systems
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[201]. A sketch of the setup as well as the working principle of a VTE process is depicted in
figure 6.3. A boat, consisting of tungsten is placed below the samples, which are oriented
upside down, and filled with the evaporant, in this case Cr and Au pieces. By applying a
high electrical power of ≈ 1 kW, the boat is resistively heated up to the melting temperature
of the evaporating metals. The temperature and thus the evaporation rate is controlled by
the applied current which is of the order of 350 A. The deposition rate close to the substrate
position is measured by a quartz crystal micro balance (QCM). This rate monitor relates the
change of the eigenfrequency of an exposed quartz substrate to the adsorbed mass. With
the knowledge of the mass density and the shear module the deposited layer thickness per
second is determined with an accuracy better than 10 % [202]. As soon as the desired rate
is reached the mechanical shutter between the evaporation source and substrate is opened
to start the deposition process. In order to avoid an excessive and uncontrollable sample
heating from the radiation heat of the sources, the sample holder is internally cooled by a flow
of water. The VTE chamber exhibits a capacity of four simultaneously mounted evaporation
sources. These can be placed directly underneath the sample position, successively. Hence
an ideal evaporation profile is achieved, while possible shadowing effects are minimized. The
vacuum base pressure in the chamber amounts to approximately 5×10−9 mbar and rises to
up to 2×10−7 mbar during metal evaporation.
A uniform thickness is aimed for, in order to avoid asymmetries in the contacts or changes in
reflectivity for the FTIR measurements. From figure 6.3 the height profile can be derived to
d M s
d As
= M e (n+1)cos
nφcosθ
2pir 2
, (6.1)
where M s denotes the mass deposited in the substrate area As and M e the emitted mass. n
is equal to 0 for a point source, emitting only into the upper half-space, and equal to 1 for a
surface source but can amount to values n > 1 for deeper crucibles. The boat configuration
represents a surface source in good approximation. For the given setup a thickness uniformity
of < 3 % is achieved over the whole sample diagonal ofp2×20 mm.
In this work metal films with a film thickness of 150 nm are produced for the homogeneous
layer samples. For the transistor structures a film thickness of 50 nm is chosen and shadow
masks are applied. The masks can be exchanged in-situ in the vacuum cluster system and are
in direct contact with the substrate. In this way a constant transistor channel width can be
obtained which is verified in optical microscopy experiments. A deposition rate of 2.5 Å/s
is set for all Au evaporation runs. Prior to the gold coating a Chromium layer is evaporated
on the silicon substrate in the same configuration. Cr serves as an adhesive and requires
only a film thickness of 5 nm. At a slightly lower evaporation rate of 5 Å/s the thickness of the
Cr adhesion layer is well controlled. The subsequently deposited gold films remain smooth
as proven by AFM images. Within several test runs the tooling factor of the QCM, i.e. the
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Figure 6.4: The inert gas working space is operated with Argon. In order to prevent oxidation of the
self-assembled monolayers the layer formation process is conducted in this oxygen and humidity free
environment. The left hand side shows the glovebox at NIST, whereas the right hand side gives an impression
of the glovebox at the I.Institute of Physics (including the ORPHEUS-system).
mismatch between QCM position and actual sample position, is determined to T = 0.51 by
XRR and profilometry measurements [200][203].
6.1.3 SAM Preparation
In this work the SAM processing steps were performed in standard inert gas systems from the
company MBraun. Both systems are operated with argon, which is constantly purged via a
copper sieve and an activated carbon solvent filter. In this way an oxygen level of cO2 <1 ppm
and a humidity level of cH2O <1 ppm is accomplished. In operation the concentrations rise up
to 3 ppm due to remaining oxygen in the chemicals employed. Dust and particles are trapped
at respective filters at the inlet and outlet of the gas purging circuit. The UV-ozone cleaner is
integrated into the glovebox and sealed during operation.
The chemicals for the SAM preparation are applied without further purification, if not spec-
ified otherwise. Anhydrous ethanol is purchased from Sigma with a maximum purity of
> 99.5 %. The SAM growth is performed in all glass ware weighting bottles as it was seen that
polyethylene vessels can chemically react and soften with certain reagents. During the growth
the solution is covered by the glass lid in order to prevent evaporation of the material. In the
latter case the concentration in the solution could dramatically change. The solutions are left
to act after the immersion of the substrate for a specific time. For the in-situ rinsing, fresh
ethanol is poured over the substrate for three times from a pastuer pipette. Afterwards the
samples are dried in an Ar stream. This procedure is repeated once, in order to remove any
physisorbed species from the surface. Subsequently the SAM samples are either introduced
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Figure 6.5: The principle of organic molecular beam deposition follows the VTE process (left, after [204]).
A crucible with evaporant material is resistively heated until the content sublimes from the crucible and
condenses on the substrate. A dedicated OMBD system is an integral component (middle) of the ORPHEUS
cluster. To the right the geometry and configuration of the evaporation cells is depicted. The tilted sources
lead to a high film uniformity even at a moderate source to substrate distance but require a rotary motion of
the complete substrate holder including heating and cooling apparatus.
into the UHV system for photoemission spectroscopy measurements or extracted for FTIR
and contact angle measurements.
6.1.4 Organic Molecular Beam Deposition(OMBD)
As in VTE process the source material is evaporated by thermal heating via a filament in
OMBD. In contrast to inorganic materials, electron beam evaporation or sputter deposition
cannot be applied to organic materials, since the energy and momentum transfer from the
incident electron exceeds the intramolecular binding energy. Hence, the chemical bonds
inside the organic molecules could be broken. For the resistive heating it is especially im-
portant, that the container, a small crucible or oven, of the source material does not react
chemically with the evaporant. It is thus usually fabricated out of quartz or aluminum oxide
or similar materials that share a high inertness with a high thermal conductivity and electrical
insulation. In order to suppress oxidation, to obtain a high rate of adsorption and a low
re-evaporation rate of the organic materials the OMBD process is conducted under vacuum
conditions [205, 206].
The ORPHEUS cluster exhibits a dedicated vacuum chamber for the deposition of organic
materials which is depicted in figure 6.5. While the basic principle is common to the process
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of substrate metalization, few differences between the two chambers are existent. Most
significantly, the evaporation is not conducted from boat evaporators but more complex
Knudsen cells. In this source geometry the evaporation rate is well controllable at comparably
low temperatures adjusted by an PID controller. A further advantage is the high load capacity
of 6 ccm which enables a long source operation without refilling for which the system must
be vented. In order to fit six different evaporation sources - especially with the goal of co-
evaporation - the sources are tilted by 22 ◦ with respect to the sample surface normal. At the
same time the sample is rotated during the deposition run at approximately 2 revolutions/s.
Thereby a uniform thickness profile of less than 2 % across the sample diagonal is achieved
at a reasonable source to sample distance of 200 mm. Importantly, the consumption rate of
more expensive organic dyes is effectively reduced in this geometry. Equation (6.1) is not
applicable any longer. Even though the crucible form could be incorporated in the equation
by adjusting the parameter n while θ would clearly amount to the tilt angle of the cell, the
dynamic regime of rotation is not covered in this approach. Thus the film uniformity was
determined empirically by the evaluation of a smooth C60 film [203].
Then, an additional shutter mechanism directly at the Knudsen cell allows for a pre-heating
of the material. The main use of the separate pneumatically actuated shutter comes with co-
evaporation experiments, though. Meanwhile, shields between two source positions prevent
cross contamination of the source materials. The vacuum base pressure in the chamber is
2×10−8 mbar and rises to 5×10−8 mbar during evaporation.
For the present study PTCDI-C13 films are created in this chamber. A rate of 1 Å/s has been
found to yield a constant and reproducible film growth of PTCDI-C13 on gold and silica
surfaces [200]. Again, the deposition rate is measured by a QCM device. Due to the chamber
geometry the positioning is changed with respect to the metalization VTE chamber. From
the thickness determination of various PTCDI-C13 sample runs a tooling factor of T = 0.75 is
derived. Films of various thickness ranging from a single flat lying monolayer to 80 nm thick
OTFT channels are produced.
6.2 Thin Film and Device Characterization
6.2.1 Electronic Characterization
The setup for OTFT characterization is constructed in house and exhibits three principal
components which are described in detail in [123]. These are the Keithley SCS-4200 semi-
conductor characterization system, the sample compartment as well as the power supply
and control unit for temperature control. The SCS-4200 is a digital oscilloscope running a
Windows XP based user interface. Three Source Measure Units (SMUs) are connected to
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Figure 6.6: The semiconductor characterization setup for measuring OTFT characteristics. The Keithley
SCS-4200 marks the core component and enables a highly accurate measurement of the sample, which is
placed in the partitioned sample compartment.
the control unit, two of them exhibit a current resolution of 100 fA while the third comes
with a pre-amplifier and a resolution of 100 aA. The maximum measurement range can be
set from 1 A to 100 nA and 1 pA for the SMU with the preamplifier. Thereby a voltage range
from 200V to 200mV can be accessed. Prober heads are mounted on manipulator stages and
are connected to the SMUs and the ground connector by TNC triaxial cables. At the tip of
the prober head a gold contact needle enables an accurate contacting to the OTFT contacts.
Both the probe heads and the sample are located in the sample compartment. The sample is
mounted on a block which can be heated resistively and cooled by a Peltier element. In this
work all measurements are performed at room temperature. The sample is covered by a lid
and flushed with argon during measurement to avoid oxidation and unstable operation. The
sample compartment is closed during measurement to minimize environmental influences
such as incident light and air drafts. Prior to any measurement the sample is irradiated by
built-in white light LEDs beneath the cover, which cures deeply trapped charge carriers [123].
Before loading into the characterization setup a gate contact is prepared on each OTFT carry-
ing substrate. Therefore, the silica layer is scratched by a diamond cutter and prepared with a
drop of silver conducting paint. Subsequently, the contact needles are attached to the source,
drain and gate contact of the sample. Transfer and output characteristics are recorded. In the
case of transfer characteristics, the drain voltage is set to 20 V with respect to the grounded
source contact. Then, the gate voltage is swept from +40 V to -80 V in a dual sweep mode,
i.e. back and forth, to quantify the hysteresis behavior of the device. In order to measure the
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output characteristics the gate voltage is increased from 0 V to 120 V in 10 V steps. In each of
these steps the drain voltage is swept from 0 V to -100 V.
6.2.2 Atomic Force Microscopy
The AFM provides a fast and precise way to determine the surface morphology of thin-film
samples. The physical principle behind the AFM measurements is the Van-der-Vaals force
between a fine tip, which is mounted to a cantilever, and the sample surface. While the
sample is fixed by a small vacuum pump, the cantilever can be moved by piezo actuators
in all three dimensions. Line scans in x and y direction with a range of 50×50µm2 can be
performed. The lateral resolution of the AFM can be approximated to 5 nm while the vertical
is even lower than 1 nm
There exist two operation modes for the AFM. The contact mode is unsuited for the mea-
surement of organic films, since the soft material could be pulled off or even contaminate
the tip. In tapping mode the tip performs a constant sinusoidal oscillation above the sample.
A change of the adhesion force, e.g. the tip approaches a surface molecule or atom, causes
a change in the oscillation amplitude. The oscillation is measured by a laser beam, which
is reflected from the backside of the cantilever, detected by a photo detector and processed
through a lock-in amplifier. Via a feedback loop this signal is used to adjust the piezoelectric
z-positioner of the cantilever to achieve the same distance between tip and surface for the
whole scan. The adjustment of this z-value is a direct measure of the surface morphology.
The whole measurement process is insensitive to different elements and hence yields no
stoichiometric information. In turn the images directly show the morphology in contrast to
scanning tunneling microscopy, which is imaging the electron density of the surface.
6.2.3 X-Ray Diffraction
In this work X-ray diffraction and reflection have been performed at the X’Pert setup of the
Philips company. The goniometer is an Eulerian cradle type, mounted with a 3-axis sample
holding stage. 2Θ is the angle between detector and X-ray source, while ω describes the
sample rotation along the same axis. The water cooled copper anode is operated at a voltage
of 45 kV and a current of 40 mA. The exit slit collimates the emitted radiation to a line focus
with a width (z-direction) of 40µm and a height (y-direction) of 15 mm at the position of the
sample. The thin-films produced in the thermal evaporation system homogeneously cover
an area of 19×20mm2. The beam divergence in this direction is further reduced with Soller
slits in the incident and diffracted beam path to less than 2.30 °. The divergence in z-direction
is controlled by the programmable divergence slit (PDS) and the subsequent anti-scatter slit
(AS) in the incident beampath and the programmable anti-scatter (PAS) and receiving slit
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Figure 6.7: Tapping mode scan of an AFM: The reflected laser signal is used to adjust the appropriate height
and thus serves as a measure of the distance between tip and sample surface. By performing subsequent
line scans the surface morphology of a small area can be mapped.
(PRS) in the diffracted beam path. For the most accurate scans the PDS and AS are set to
(1/32) ° and the PRS to 0.1 mm, while the PAS is aligned to the PRS.
The grazing incidence measurements have been carried out with a slightly modified setup. A
higher intensity is gained by a wider PDS of (1/8) ° and the omission of the AS. The detector is
mounted in a beam path (lower beam path) shifted with an offset∆2Θ= 6◦ with respect to the
aforementioned optics (upper beam path). In this configuration a parallel plate collimator is
used instead of the PAS and PRS.
The Xenon proportional detector operates in the linear regime until ≈ 106 counts per second
(cps) when saturation is reached. In grazing incidence measurements and for the direct beam
alignment the count rate raises above 8×106 cps. A Ni-foil can then automatically be inserted
in the incident beam and attenuates the intensity by a factor of 147.77. The detector is thereby
protected against accelerated aging. This beam attenuator is used for the sample alignment
and has its activation level set to 450000 cps and its deactivation level set to 400000 cps during
the measurements.
A graphite monochromator in front of the detector filters the CuKα from the remaining lines
and the continuous bremsstrahlung in the X-ray spectrum. Thus, the wavelength examined is
λ= 1.542Å, which is the averaged wavelength of the CuKα1 and the CuKα2 line. The intensity
of the CuKα2 peak is approximately half as high as the intensity of the CuKα1 line. Additional
information the X-ray setup at the I. Institute of physics (IA) as well as the whole range of its
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Figure 6.8: Experimental setup of the X-ray diffractometer. x,y and z denote the axis of the sample holder
while 2Θ,ω,ψ and φ are the angular definitions of the eularian cradle. PDS, AS, PAS and PRS are the abbrevi-
ations for programmable divergence slit, anti-scatter slit, programmable anti-scatter slit and programmable
receiving slit, respectively.
capabilities can be found in [207]
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Results and Discussion I:
Comparison of the Energy-Level
Alignment of Thiolate- and
Carbodithiolate-Bound
Self-Assembled Monolayers on
Gold
In the begin of this study the main focus is on carbodithiolate-bound monolayers on gold, in
particular the differences between the electronic structure of this surface and those of thiolate-
bound monolayers. Specifically, self-assembled monolayers formed from benzylmercaptan and
dithiobenzoic acid (molecules identical to each other except for the linker group) chemisorbed
on gold are compared. The electronic structure of these modified surfaces is investigated using
photoemission spectroscopy and electronic structure calculations. Eventually, dithiobenzoic
acid and benzylmercaptan are also used to modify the contacts of organic transistors and are
investigated for their potential in engineering the metal-semiconductor interface to achieve
ambipolar transport.
7.1 Carbodithiolates - an Alternative Approach in
Coupling Chemistry
The idea of using molecules as the active elements in electronic circuits began with the now
famously visionary paper of Aviram and Ratner [87]. In that prescient work, Aviram and
Ratner identified many of the physical and chemical conditions required to realize useful
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molecular electronics components. One of the most important of these was the alignment
of the various energy levels in the molecule relative to each other and the Fermi level of the
substrate material. Some forty years later, the use of organic materials in electronic applica-
tions remains a topic of scientific and technological interest. Most anticipated applications
of organic materials are in devices that also include metals or inorganic semiconductors,
an approach that leverages existing manufacturing capabilities and, potentially, allows en-
gineers to design devices that exploit the best characteristics of a wide range of materials.
While publicity is often focused on applications where the molecular entity performs a
complex function [208], in logic and memory applications for example, molecules can also
be used for simpler purposes, to modify the surface potential for example [80, 162], and
have already been shown to be powerful tools for engineering the interfaces between or-
ganic and inorganic materials in a wide range of electronic and optoelectronic applications
[209, 111, 78, 210, 211, 212, 43, 31, 213, 214].
Indeed, considerable accomplishment towards the goal of using organic molecules in elec-
tronic devices has been achieved, and leading consumer electronics manufacturers now
produce goods using organic light-emitting diodes. Yet despite this progress, barriers to
widespread application remain, amongst these is controlling the electrostatic landscape at
organic-inorganic and in particular organic-metal interfaces, where a variety of chemical and
electrostatic phenomena conspire to produce effects that idealized, limiting-case models
cannot anticipate [62] [215] [216].
Trends in the work function of the modified surface and energy-level alignment at metal/monolayer
interfaces, that is, the mismatch between the Fermi level of the metal and the frontierpi-bands
of the monolayer, exemplify this complexity. In the case of thiolate-bound aryls on gold, for
example, it has been found that the energy-level alignment is dominated by interfacial charge
rearrangement and asymmetries associated with the thiolate linker group [217, 151, 218, 82].
Metal/linker group interactions play a major role in determining the work function of a
monolayer-covered surface, and changing the linker group also changes the energy-level
alignment and the dominant carrier-type through molecular electronic junctions [219, 220].
Photoemission experiments have shown that the substrate plays a lesser role in determining
energy-level alignment [221].
Functionalization - and especially functionalization at the end molecule not connected to
the surface - plays an important role in determining the work function of monolayer-covered
surfaces, but has a lesser effect on the energy-level alignment [151, 62, 161]. Because the linker
group plays such a central role in determining the electrostatic potential of a monolayer-
covered surface, many different linking chemistries have been proposed, though some of
the suggested attachment chemistries are not, at present, feasible alternatives [83, 222, 219].
Recently, monolayers linked by carbodithiolates, for which the sulfur-to-sulfur (2.9 Å) dis-
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Figure 7.1: Molecular structure and adsorption geometry of dithiobenzoic acid (DTBA) and benzylmer-
captan (BM). The bond angle of the carbodithiolate (S-C-S) group of DTBA amounts to 124 ◦ as found by
quantum chemical calculations at the level of DFT. Thus a sulfur-sulfur distance of 2.9 Å is achieved which
matches the gold lattice spacing of 2.88 Å of the Au(111) surface depicted.
tance is well-suited for forming densely-packed ordered monolayers on gold surfaces (Au
lattice spacing 2.88 Å), have been investigated [223, 88]. Dithiocarbamates, a carbodithiolate
sub-class, have been found to form robust monolayers and structures with novel optical and
electrical properties [224, 213, 225].
To further explore the carbodithiolate linking group and its properties, dithiobenzoic acid
(DTBA) is synthesized in this work and respective monolayers are measured by X-ray and
ultraviolet photoemission spectroscopy. Subsequently, the electronic states of representative
structures are calculated. This dataset is used to determine the energy-level alignment of the
occupied states relative to the Fermi level of the gold substrate, evaluate the nature of these
frontier states, and test the performance of organic field-effect transistors with contacts mod-
ified with this carbodithiolate. These measurements and calculations are compared to the
analogous arylthiol, benzyl mercaptan (BM), which is well-known to form stable monolayers
[226].
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Figure 7.2: The synthesis scheme for dithiobenzoic acid (DTBA) is adopted from the procedure proposed by
Park [223]. A total yield of 50 % is accomplished in this two-step process. The resulting Dithiobenzoic acid is
sterically protected by a trimethylsilyl-ethyl group within an ester complex in order to avoid rapid oxidation.
Taken from [223]
7.2 Energy-Level Alignment of Dithiobenzoic Acid (DTBA)
and Benzylmercaptan (BM)
7.2.1 Synthesis of Dithiobenzoic Acid
All reagents were purchased from commercial sources and used without purification. Re-
actions were carried out under inert conditions. All solvents were redistilled from the
corresponding HPLC grade solvents using sodium/benzophenone or CaH2 as the drying
agent/indicator. The corresponding synthesis was adapted as a two step process from pre-
viously published work [227, 223, 228] 1H and 13C NMR were acquired in the University of
Pennsylvania Chemistry Department NMR facility.
• Benzenesulfonyl methyl
A mixture of benzyl bromide (5.0 g, 0.029 mol), sodium phenylsulfinate (7.2 g, 0.044 mol),
and a catalytic amount of tetrapropyl ammonium bromide (1.55 g, 5.8 mol), in CH3CN
(40 ml), is refluxed for 12 h Then the solvent is removed under vacuum and the residue is
dissolved in CH2Cl2 (20 ml), washed with brine (20 ml), dried (Na2SO4) and the solvent
is subsequently removed via vacuum. The product is recrystallized from hot ethanol
and collected by filtration. The crude product is obtained in near-quantitative yield, as
105
Chapter 7: Results and Discussion I: Comparison of the Energy-Level Alignment
of Thiolate- and Carbodithiolate-Bound Self-Assembled Monolayers on Gold
a white solid and used without purification in the next step.1
• Dithiobenzoic acid 2-(trimethylsilyl)-ethyl ester [223]
Sulfur (0.274 g, 8.54 mol) and sodium methoxide (0.45 g, 8.34 mol) are charged into a
50 ml Schlenk flask and stirred at room temperature under nitrogen in 20 ml tetrahydro-
furan (THF) for 30 min. Benzenesulfonyl methyl (0.97 g, 4.17 mol) is directly added to
the reaction flask and allowed to stir overnight. A color change occurs from a pale yel-
low to a dark red-brown suspension. (2-bromoethyl)-trimethyl silane (1.37 g, 4.25 mol)
is added dropwise resulting in an immediate color change towards a more true red and
precipitation of a white solid. The reaction is stirred overnight which is then quenched
with water and extracted with CH2Cl2. The organic layer is washed with saturated NaCl,
filtered and dried over Na2SO4, and the solvent removed via vacuum. Organic residue
is purified via a short silica gel column using hexanes as the eluent. A red oil is isolated
in 60 % yield.2
7.2.2 Application of DTBA and BM self-assembled monolayers (SAM)
7.2.2.1 Monolayer Processing
Self-assembled monolayers are grown on gold substrates (200 nm Au over a 10 nm Ti ad-
hesion layer on Si) from a 10 mmol solution of the dithiobenzoic acid TMS ester dissolved
in distilled THF and cooled to 0 ◦C under N2 [223]. In order to enable the SAM growth, the
TMS terminated ester compound is deprotected. Therefore, 1 M TBAF (0.1 ml, 10 mmol) in
THF is added dropwise over 1 min resulting in an instant darkening of the solution. The
solution was stirred for an additional 9 min (total 10 min) and quickly transferred to a rotovap
to remove the solvent to dryness. The reaction vessel is transferred to an inert environment
glove box and reconstituted in CHCl3 for samples used in spectroscopic measurements via a
syringe through a 0.2 m filter into a vial containing the gold-coated substrates. The samples
are allowed to react overnight and then removed from solution, rinsed with CHCl3 and dried
with a stream of N2.
Benzylmercaptan SAMs are grown from a 5 mmol solution in anhydrous ethanol. The samples
are allowed to react for 16 h and are rinsed with fresh ethanol afterwards. Eventually the
samples are dried in a nitrogen stream. This procedure follows the description of a successful
SAM formation of benzylmercaptan on gold from Hallmann et al. [226].
1NMR constants: 1H (360 MHz, CDCl3); 7.61 (m), 7.44 (t, 7.74 Hz), 7.28 (m), 7.07 (d, 7.79 Hz), 4.31 (s). 13C (90
MHz, CDCl3); 133.89, 131.02, 129.07, 128.96, 128.85, 128.77, 63.124.
2NMR constants:1H (360 MHz, CDCl3). 7.97 (dd, 7.2 Hz), 7.53 (t, 6.81 Hz), 7.37 (t, 6.93 Hz), 3.37 (dd, 5.07 Hz),
1.05 (dd, 5.18 Hz), 0.11 (s). 13C (90 MHz, CDCl3). 132.32, 128.48, 126.98, 34.06, 15.062, -1.51.
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7.2.2.2 Experimental Details of the SAM Characterization
Reflection-absorption infrared spectra of the DTBA monolayer-covered surfaces are mea-
sured with a Nicolet 6700 Fourier-transform spectrometer equipped with a Harrick GATR
unit. FTIR spectra of the BM SAM covered samples are taken at a Biorad FS-3000 setup at
grazing angle incidence. X-ray photoemission spectra (XPS) are recorded at a Kratos Axis
Ultra DLD equipped with a monochromated Al X-ray source providing Al Kα radiation with a
line width of 300 meV. The energy resolution amounts to ∆E ≈ 3 eV for the survey scans taken
at a pass energy of Epass = 160 eV and ∆E ≈ 0.8 eV for the high resolution scans at Epass =
40 eV. All X-ray photoemission spectra are normalized to the Au 4f level at 84 eV. The ultravio-
let photoemission spectra (UPS) are recorded in the same chamber using a He I radiation
source at Epass = 5 eV and an energy resolution of ∆E ≈ 150 meV. In the UPS, 0 eV binding
energy refers to the Fermi level, which is discernible in all spectra. Spectra of sputter-cleaned
gold surfaces and decanethiolate-covered gold are taken as references in the photoemission
experiments to verify the spectrometer functionality.
Previous reports have found complex trends in the self-assembly process of monolayers
grown from small aromatic molecules, demonstrating that it is important to verify the struc-
ture of these monolayers [229, 230]. Thus, BM and DTBA monolayer formation is to be
confirmed by grazing-incidence reflection-absorption infrared measurements. In figure 7.3
the RAIRS spectrum of the BM covered gold substrate is depicted. The simulated spectrum in
the lower part of the viewgraph is generated from DFT calculations of the isolated molecule,
which will be described in detail in the subsequent section. The fully relaxed input structure
for the anharmonically corrected frequency calculation includes the hydrogen capped thio-
late group of the isolated molecule.
7.2.2.3 Verification of SAM formation - FTIR
According to the proposed model the BM molecules are adsorbed in an upright orientation
pointing away from the surface (see figure 7.1). In the investigated spectral region between
1600 cm−1 and 800 cm−1 only two fundamental modes of vibration carry a pronounced dy-
namic dipole moment ∂µ/∂z perpendicular to the sample surface. These vibrations ν1 =
1492 cm−1 and ν4 = 1027 cm−1 involve a stretching motion of the C-C bond between the
methyl carbon and the adjacent phenyl carbon in the ipso position. In a previous IR reflec-
tivity study on benzylmercaptan SAMs the vibrations ν1 and ν4 have been identified, too
[232]. The peak features ν2 = 1460 cm−1 and ν3 = 1190 cm−1 are too weak in order to reliably
identify fundamental modes of vibration as the small peaks can hardly be differentiated from
the background noise.
In the region between 3200 cm−1 and 2900 cm−1 the methyl stretching modes are observed.
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Figure 7.3: The measured FTIR spectra of BM on gold (a) shows several distinct peaks of CH stretching
modes around 3000 cm−1 and two features at ν1 = 1492 cm−1 and ν4 = 1027 cm−1. The fundamental
modes of vibration which are identified in the simulated spectrum (b). The peaks at ν2 = 1460 cm−1 and
ν3 = 1190 cm−1 neither exhibit a strong dynamic dipole moment perpendicular to the sample surface nor
are they sufficiently intense in the measured spectra to be assigned unambiguously. The occurrence of
additional C-H stretching modes at 2900 cm−1 indicates the presence of agostic interactions between the
methyl group and the gold surface [231].
Here, significant differences between the isolated molecule and the SAM which is bond to the
surface are expected due to the susceptibility of the C-H bonds to their immediate surround-
ing and proximity to the surface. The hydrogen atoms at the phenyl ring do not exhibit a
strong dynamic dipole moment which is directed perpendicular to the surface except for the
single hydrogen atom at the ortho position. However, the two hydrogen atoms in the methyl
group which bridges the thiolate moiety and the pheny ring exhibit symmetric and antisym-
metric stretching modes. Yet, both are subject to a relatively strong agostic interaction with
the gold surface [231, 230]. The stabilization energy of agostic bonds between hydride like
bridges between the carbon and the transition metal atom is in the order of several hundred
meV and hence yields a substantial change of the C-H coupling strength [233]. Thus, the
occurrence of further modes in the C-H region can be addressed qualitatively to variations
in the binding sites, which result in changes of the eigenfrequencies of the C-H stretching
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Figure 7.4: The measured ATR FTIR spectra of DTBA on gold (a) do not exhibit pronounced absorption
peaks. Only the vibration at 1220 cm−1 involves a stretching motion of the bond between the dithiolate
carbon atom and the adjacent carbon atom in the phenyl ring as well as a stretching motion of the S-C
bonds in the carbodithiolate group. The feature is considerably broadened due to variations in the binding
energies between the sulfur atoms and the gold substrate.
modes in the methyl unit. Still, the presence of the major fingerprint modes confirms the
proper adsorption of benzylmercaptan on top of the gold surface.
The FTIR spectra of the DTBA covered gold substrates measured in grazing incidence do
not reveal any pronounced absorption peaks. However, it is known for SAMs of benzenethio-
late on gold that the infrared absorption is very weak [234, 235]. Thus, the DTBA covered gold
substrate is measured at the Nicolet setup in attenuated total reflection geometry employing
a hemispherical Ge ATR crystal in order to obtain an improved signal to noise ratio. It can be
observed in figure 7.4, that one rather broad feature is detected at ≈ 1220 cm−1. This finding
can be reasoned by a brief glance on the IR activity of the fundamental modes of vibration
and the presumably upright orientation of the molecule which is anchored with the thiolate
group to the gold. The only mode that exhibits a substantial dynamic dipole moment per-
pendicular to the surface is the mode at ν1 = 1220 cm−1. This vibration involves a stretching
motion of the bond between the carbon atom in the carbodithiolate group and the phenyl
ring. Furthermore, this motion is accompanied by a stretching motion in the CS2 group.
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Figure 7.5: The survey spectrum of the BM SAM on Au provides evidence for a pristine sample as only gold,
carbon and sulfur photoemission lines are found. Only negligibly small traces of oxygen are seen by the O1s
level at 532 eV binding energy, which is marked in red.
Given the fact, that in the case of SAM formation the sulfur atoms are anchored at slightly
variable binding sites, an additional variable coupling term leads to an effective broadening
of this mode. Such a behavior is reported for similar SAM systems as soon as the motion of
the anchoring atoms is involved or impurities couple to the specific group which yields the
main contribution to the corresponding mode of vibration [232]. In summary, the present
FTIR results for DTBA on Au provides only but few data for the adsorption of a molecular layer.
7.2.2.4 Verification of SAM formation - XPS
Additional information on the formation of DTBA and BM SAMs are extracted from XPS data.
In figure 7.5 the survey spectrum of BM on Au is depicted. Beside the dominant gold features
only carbon and sulfur species are detected in the spectra. The high resolution scan in the
C1s region shows a strong component of pi-conjugated carbon at a binding energy of 284.5 eV
[133, 236]. The single sp3 hybridized carbon atom in the methyl group is not observed at the
expected binding energy of EB = 285.7 eV but can be envisioned as a slight shoulder on the
high binding energy flank of the C1s peak. The complex composition of this peak is caused
by the inequivalent carbon atoms in the phenyl ring. Due to the bond to the mercaptan
anchoring group the isotropic charge distribution and equivalent chemical environment of
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Figure 7.6: The high resolution XPS spectra of BM on gold are employed to derive the monolayer stoichiome-
try. The C1s level, shown in (a), is composed of a set of peak contributions. These represent the inequivalent
carbon atoms in the phenyl ring. In contrast thereto, the S2p level (b) solely comprises a peak component of
sulfur in Au-S bond configuration.
Carbon Sulfur
BM (measured) 86.0 % 14.0 %
BM (formula) 87.5 % 12.5 %
DTBA (measured) 77.3 % 22.7 %
DTBA (formula) 77.8 % 22.2 %
Table 7.1: Stoichiometry of benzylmercaptan (BM) and dithiobenzoic acid (DTBA) monolayers on gold,
derived from the intensities in the high resolution XPS scans. The experimentally determined sample
composition is in good agreement with the molecular formula. Thus the existence of organic contaminants
can be ruled out.
each carbon atom, which would be present in a plain benzene ring, is perturbed. Thus the
degeneracy of the C1s levels along the ring structure is lifted [237]. Yet, this effect cannot be
differentiated from the vibronic shake up satellites which renders a quantification unfeasible
[133]. For the determination of the correct sample stoichiometry arbitrary peak fits with a
total of three gaussian profiles are chosen in order to reproduce the intensity of the measured
curve. In contrast thereto, the high resolution scan in the S2p region reveals the presence
of only one sulfur component which is coordinated in a sulfur-gold bond. The respective
binding energy of the S2p3/2 is found at 161.5 eV. Elemental sulfur would be found at 160 eV,
thiolate H-terminated sulfur at 163 eV and oxidized sulfur at 167 eV [238, 239]. Since none of
these species are detected, an unhampered SAM formation can be confirmed as it was the
case in earlier work of Ishida et al [240].
A very comparable situation is found for the DTBA SAM on Au. The survey spectrum
in figure 7.7 shows the absence of any other component but gold, sulfur and carbon. The
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Figure 7.7: The survey spectrum of the DTBA SAM on gold yields a sample composition of gold, carbon and
sulfur. No quantifiable amount of oxygen can be found due to the missing O1s signal, indicating that the
SAM growth took place properly.
Figure 7.8:The high resolution XPS spectra of DTBA on gold show a similar trend as for the BM SAM. The C1s
level (a) is constituted from multiple peaks which reflect the asymmetric peak shape due minor chemical
variations along the phenyl ring and vibronic excitations. The S2p level (b) is defined by sulfur species which
are bond to the underlying gold surface.
respective high-resolution scans in figure 7.8 match the spectra measured for BM. The C1s
level is broadened accordingly as it was also reported for the related benzenethiol compound
[241], while the S2p level indicates the sole existence of sulfur in Au-S bond configuration.
As a main difference between the spectra of DTBA and BM the variation in the relative peak
intensities comes to notice. The stoichiometry is found from the ratios of the peak areas and
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is listed in table 7.1. From the Au/S ratio an approximate value for the surface coverage χ can
be derived. In his publication on the Progress in Surface Science Schreiber reports that a value
of 0.045 (χ= 1) is found for a densely packed decanethiol film in a (p3×p3)R15◦supercell
(4.5×1014 molecules/cm−2). The following surface coverages are given with respect to this
relation. It shall be noted, that for the DTBA SAM the surface density of molecules is half the
density of the sulfur gold bonds due to the presence of two sulfur atoms in the carbodithiolate
linker group.
χB M ,AuS = 1.18 ∧= 5.3×1014 sulfur-gold/cm−2,
χB M = 1.18 ∧= 5.3×1014 molecules/cm−2,
χDT B A,AuS = 1.1 ∧= 4.9×1014 sulfur-gold bonds/cm−2,
χDT B A = 0.55 ∧= 2.45×1014 molecules/cm−2.
Thus the molecular density is lower for DTBA whereas the absolute density of Au-S bonds is of
the same order of magnitude. The margin of error in the application of this method amounts
to approximately 10 % due to the fact that it is adopted from a different system and due to the
non-vanishing uncertaintity of the absolute peak intensities in the XPS measurements.
In summary, the XPS measurements verify the formation of densely packed, Au-S anchored,
pristine monolayers for benzylmercaptan as well as for dithiobenzoic acid on gold. These
findings are supported by the FTIR measurements which indicate that the molecules are
oriented in an upright orientation.
7.2.3 Valenceband Structure of DTBA-Au and BM-Au Systems
Since the SAM formation is confirmed for both monolayer systems, the electronic structure
can be determined reliably by UPS measurements. In order to find a quantitative interpreta-
tion of the spectra, detailed quantum chemical calculations are required. A first idea of the
electronic structure is available from the type and energy of molecular orbitals of the isolated
molecule. In a subsequent step, the molecule-metal system is modeled in a slab approach in
order to quantify the energy level alignment process.
7.2.3.1 Computational Methods
The electronic structures of DTBA and BM were calculated by standard density functional
theory. The structures of the isolated, hydrogen-terminated molecules are optimized in order
to determine the geometry and orbital energies of the isolated molecule. These calculations
are performed using the B3LYP hybrid functional with the 6-311+g(d,p) basis set in the
Gaussian09 program package [179]. The frequency analysis presented earlier is performed in
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harmonic approximation with additional anharmonic corrections from the third and fourth
derivative of the potential. The adsorption and density of states of the BM and DTBA on
Au(111) are also studied using density functional theory, employing the generalized gradient
approximation of the PBE functional and periodic slab models with three layers of gold atoms
and a (
p
3×3) overlayer structure of the adsorbed molecules on the fcc(111) face of the gold
surface. The gold atoms are kept in their bulk structure, though the molecular geometric
parameters are optimized at this level of theory. The convergence criteria have been set to
10−6 Hartree for the scf procedure and 2 × 10−6 Hartree/Bohr for the geometry optimization.
The density of states and the orbital analysis are obtained using pseudoatomic basis orbitals
and pseudopotentials. The Au7.0-s2p2d2f1, Au-PBE, S5.5-s2p2d1, S-PBE, H4.5-s2, H-PBE,
and C4.5-s2p1, C-PBE basis sets and pseudopotentials utilized in the openMX program are
employed with a 7 × 7 × 7 k-point grid [242]. The electronic structure is analyzed by site-
projected local densities of states for all atoms.
The results of the calculations support the upright orientation of the molecules found in the
FTIR experiments. The computed adsorption geometry is found to be nearly perpendicular to
the surface, with a Au-S distance of 2.78 Å nm for BM and a mean value of 2.91 Å for DTBA. The
lowest energy bonding configuration is on top of the gold atom sites (see figure 7.1), as has
been recently also calculated for other thiol-based molecules on Au(111) surfaces [243, 244].
However, a reconstruction of the gold surface is observed for thiolate monolayers [142, 150].
For DTBA, the S-C-S angle between the atoms of the carbodithiolate group is calculated
to be 123.9 ◦, only a slight deviation from the calculated equilibrium angle of 121.3 ◦ in the
hydrogen-capped, isolated molecule.
In order to simulate the ultraviolet photoemission spectra, the projected density of states
Np (E) of the metal/molecule system was calculated. The Kohn-Sham eigenstates, ψ j , were
projected on to the tetrahedron atomic orbitals φi ,n [245]. The total density of states, N (E),
for a set of eigenstates ψ j is given by
N (E)=∑
j
δ(E −² j ) (7.1)
where ² j is the respective Kohn-Sham eigenvalue, and the projected density of states on a
specific atom n is calculated by
Nn(E)=
∑
i
∑
j
| <φi ,n |ψ j > |2δ(E −² j ) (7.2)
Eventually, the length-attenuated projected density of states, used for comparison to the
ultraviolet photoemission spectra, is given by
Np (E)=
∑
n
µn Nn(E) (7.3)
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Figure 7.9: The UPS spectra of DTBA and BM on gold exhibit significant differences even though the
molecular compositions differ only slightly upon the exchange of the anchoring group. Furthermore,
the change in the ionization threshold at the high binding energy cutoff reveals a difference in the work
function between the two SAM systems. The inset shows the reference UPS spectra of a sputter-cleaned
polycrystalline Au sample.
In this expression, variable attenuation of electrons from different parts of the monolayer (e.g.
Au-S bands versus phenyl bands) is rudimentarily incorporated by multiplying the projected
density of states of the single atoms by a factor µn that decreases as the distance from the
vacuum-side of the monolayer increases. Finally, the length-attenuated projected density of
states is convoluted with a Gaussian function with a full width at half maximum of 0.3 eV, to
simulate the peak broadening.
7.2.3.2 Ultra Violet Photoemission Spectra of BM and DTBA
Ultraviolet photoemission spectra of monolayers of BM and DTBA on gold are shown in figure
7.9. The most interesting and relevant features are those at low binding energy (< 10 eV),
where the bands arising from the pi-states most relevant for the charge transport can be found.
The spectrum of BM on gold is, as expected, similar to that of benzenethiolate chemisorbed
on gold. This similarity is a useful guide to a qualitative assignment of the spectrum [151]. The
e1g pi-states of benzene are the likely cause of the feature near 3 eV; the large feature centered
at 6 eV arises from the e2g (C-C σ-bond) and the a2u pi-states; and the features at 8 and 9 eV
arise from the e1u (C-H σ-bond) and b2u (C-C σ-bond) states. Subtracting the spectrum of
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the bare gold surface (inset), normalized to the Fermi level [246], from the spectrum of BM on
gold does not change these observations, other than to accentuate the weak feature around
1.3 eV, a band usually associated with the S-Au bond [162, 152, 247, 248, 241].
The DTBA monolayer spectrum is similar and shows the same general pattern, though the
features are more distinct, a characteristic often associated with more organized monolayers.
In addition the peaks are shifted to lower binding energies. Greater electron counts are
observed at the Fermi edge for the DTBA-covered surface as compared to monolayers of BM.
For DTBA on gold, subtracting the gold spectrum from the monolayer spectrum, normalized
to the Fermi level, results in spectra with pronounced, negative going imprints of the gold
bulk bands. In other words, the most observed signal near the Fermi level seems to reflect
occupied bands associated with the metal-plus-molecule system, not photoemission from
the underlying gold substrate.
The work functionΦ is also extracted from the ultraviolet photoemission spectra. The value
has been calculated from the energy of ionization threshold, I T (i.e., the lowest kinetic
energy photoelectrons) and the energy of the Fermi edge, EF, (i.e., the highest kinetic energy
photoelectrons) using the equation [249, 250]
Φ=ħω− (EF− I T ) (7.4)
where ħω = 21.22 eV (He I excitation). Using this approach, the work functions of the
DTBA-covered surface is found to be 3.7 ± 0.1 eV, and that of the BM-covered surface is
found to be 4.2 ± 0.1 eV. For comparison, a Au(111) surface covered with monolayers of
4,4’-bis(phenylethynl)benzenthiol (C6H5-C’C-C6H4-C’C-C6H4-SH) has a work function of 4.2
± 0.1 eV, and benzenethiol (C6H5-SH) on gold has a work function of 4.4 ± 0.12 eV [217, 151].
In conclusion and to the extent that final-state screening and relaxation effects (matrix re-
laxation, hole-electron effects, etc.) can be assumed to be similar in the two monolayers
studied here. The distinct difference in the work function and binding energies of analogous
bands on BM and DTBA point to very different electrostatics in the Au-S-C region for the two
monolayers.
7.2.3.3 Energy Level Alignment of the Valence Orbitals in DTBA and BM
Monolayers
Electronic structure calculations are performed to better understand the energy-level align-
ment of these monolayers. To do so, calculations are first performed for the isolated molecules.
Figures 7.10 and 7.11 and tables 7.2 and 7.3 show the isosurfaces and orbital energies, re-
spectively, for the same valence states of these molecules and modified surfaces. These
calculations confirm that, as expected, the frontier orbitals of these molecules can be traced
to those of benzene, even though the pi-system extends to include the linker groups. The
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Isolated Molecule Monolayer on Au
Orbital Energy [eV] Band Energy [eV]
HOMO (S lp) -6.3 MMIS Energy 0.0
HOMO-1 (pi) -6.9 Π1 -1.0
HOMO-2 (pi) -7.4 Π2 -1.3
HOMO-3 (pi) -7.6 Π3 -2.1
HOMO-4 (σ) -9.6 Π4 -3.1
HOMO-5 (pi) -9.7 Σ1 -3.4
HOMO-6 (σ) -10.2 Σ2 -4.3
HOMO-7 (σ) -10.4 Σ3 -4.5
HOMO-8 (pi) -11.0 Π5 -4.8
Table 7.2: MO energies of BM in the isolated molecule (left) and in a SAM system on top of a gold surface
(right). The nomenclature of the states is in capital greek letters in order to indicate the partial hybridization
with the metal states. The values in the table represent the maximum of the bands, which exhibit a band
width of 0.2-0.5 eV (see figure 7.12)
Isolated Molecule Monolayer on Au
Orbital Energy [eV] Band Energy [eV]
HOMO (S lp) -6.5 MMIS Energy 0.0
HOMO-1 (pi) -7.0 Π1 -0.7
HOMO-2 (pi) -7.2 Π2 -1.5
HOMO-3 (σ) -9.1 Σ1 -2.4
HOMO-4 (σ) -9.6 Σ2 -2.9
HOMO-5 (pi) -9.8 Π3 -3.3
HOMO-6 (pi) -10.2 Π4 -3.4
Table 7.3: MO energies of DTBA in the isolated molecule (left) and in the SAM on Au (right). Also here, the
values in the table denote the maximum of the bands with a band width of 0.2-0.5 eV (see figure 7.12). The
absolute shift of the energy eigenvalues mark no meaningful value as the molecular orbitals are referred to
the vacuum level. In constrast to that the electronic bands are referred to the Fermi energy due to the lack of
reliable methods to define the charge neutrality level in the monolayer system [136].
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HOMO (MMIS) HOMO-1 (Π1) HOMO-2 (Π2)
BM
Figure 7.10: Isosurfaces of BM to visualize the orbital type and symmetry. In the top row the isolated
hydrogen-terminated molecule is depicted, whereas the bottom row consists of the joint molecule-on-metal
system. Upon adsorption the orbital type is conserved and can still be found in the electronic system of the
joint structure. The HOMO is identified as a metal-molecule interface state (MMIS), which originates from
the sulfur lone pair orbital. The lower lying occupied states are of pi-type character.
splitting of the degenerate e1g state of benzene follows the expected pattern [151]. An im-
portant exception in case of the DTBA is the highest occupied molecular orbital; this state is
dominantly composed of the sulfur 3p orbitals as opposed to the case of BM.
Figure 7.10 and Table 7.2 also show examples of isosurfaces and peak positions (described by
capital greek letters) for the bands of the benzylmercaptan molecule-on-gold system. For
BM, the first band is a mixture of sulfur 3p and gold orbitals. These metal-molecule interface
states (MMIS) are, in many ways, analogous to metal-induced gap states at metal-inorganic
semiconductor interfaces. The next band in the Au-plus-BM system (designated atΠ1 in table
7.2) is 1.0 eV below the MMIS, has its electron density located, by and large, on the molecule,
and is clearly derived from the e1g state of benzene; the same is true for the next band, Π2.
The next two bands are both σ-like and located on the phenyl group, while the subsequent
two are both pi-type and are analogous to the a2u state of benzene.
The picture is very similar for DTBA depicted in figure 7.11 and summarized in table 7.3.
The first band is a mixed sulfur and gold metal-molecule interface state. The next bands
down, 0.7 eV and 1.5 eV lower in binding energy, are predominantly e1g -like, again followed
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HOMO (MMIS) HOMO-2 (Π2)
DTBA
HOMO-1 (Π1)
Figure 7.11: The isosurfaces of DTBA show the same tendency as for BM. In the top row the isolated
hydrogen-terminated molecule is shown, while in the bottom row the joint molecule-on-metal system
is depicted. Again the orbital character is conserved upon SAM formation. The sulfur lone pair orbital
hybridizes with the metal states to a metal-molecule interface state (MMIS), while the further molecular
orbitals show only minor hybridization. However, for the HOMO-1 (Π1) the degeneracy of the e1g -like is
lifted for the isolated molecule.
by σ-type bands localized on the phenyl group. Subsequently, pi-type bands follow with
a molecular orbital shape similar to that of the a2u states of benzene. Band diagrams for
both species are shown in figure 7.12. It is important to recognize that, while it is helpful to
distinguish among "pi-type", "σ-type", and "metal-type" bands, this differentiation is not
entirely precise as many metal-type bands contain molecular components and vice versa.
Especially, the reference energy of the MMIS state at 0 eV does not necessarily account for
the charge neutrality level alignment in the physical system. Thus the absolute offset of the
valence state sequence remains an unknown quantity [136].
To develop a more comprehensive understanding of the valence electronic structure of
these monolayer-modified surfaces, the calculated length-attenuated projected density of
states (PDOS) is compared to the photoemission spectra in figure 7.13, which shows the
UPS spectra and partial PDOS as a function of energy for the molecule. Also shown in the
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Figure 7.12: The bandstructure of the BM and DTBA monolayers on gold is generated from DFT calculations
of the slab system. The type and position of the molecular orbitals are identified and marked in color
in the bandstructure with the theoretical Fermi level at 0 eV. As a main result the alignment between the
original molecular orbital energies and the respective bands in the solid denote a more or less rigid shift of
the electronic system, with the bands showing only a minor k-space dependency which results in a band
broadening of 0.2-0.5 eV. Due to the surface-nature of the hcp-system the projection along the the (00ξ) axis
(K-H, A-Γ) yield a constant value. Moreover the way along the (ξ00) and (ξξ0) axis are symmetric on the top
and in the middle of the Brillouin zone (Γ-K and H-A as well as Γ-M and L-A, respectively). A detailed view
of the hcp unit cell and the stereographic projection in the particular surface unit cell can be found in [251].
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Figure 7.13: Projected density of states (PDOS) for BM and DTBA on gold as a fit function to the UPS spectra.
The PDOS is plotted on the individual anchoring group (mercaptan and carbodithiolate, respectively) and
the phenyl backbone. In the joint system a good match between UPS spectra and PDOS is achieved. Most
strikingly the firstΠ-state in the BM spectrum is found to be centered at 2.8 eV whereas the metal-molecule
interface state (MMIS) begins at 1.3 eV binding energy. In the case of DTBA, the MMIS is found to align
at the Fermi edge shifting the frontier Π-states to 1.3 eV and 1.6 eV, respectively. This results points out a
stronger electronic coupling of the DTBA to the gold via the double sulfur moiety.
lower half is the length-attenuated PDOS for the phenyl, methylenethiolate and carbodithi-
olate fragments of the molecule, respectively. Lacking a systematic approach to compare
calculated eigenvalues at a given level of approximation for measured spectra, the PDOS
curves have been rigidly shifted against the measured spectra, as is commonly done because
deviations in the calculated vacuum level and Fermi level are a challenge for DFT, to give the
best qualitative match between the two [191, 252, 253, 136].
In the case of BM, a good agreement between photoemission spectra and simulated PDOS is
achieved. The lowest-energy feature at 1.3 eV corresponds to the metal-molecule states, the
feature at 2.9± 0.1 eV, the highest occupiedΠ-band. Other features, at larger binding energies,
also agree well and follow the assignments given above. This result is highly consistent with
earlier work on benzenethiol where the binding energy of the highest occupiedΠ-band was
found at 2.8 ± 0.2 eV, and a metal-molecule band was observed at ≈1.4 eV [151]. In short, the
energy-level alignment for BM on gold follows the expected trends.
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Figure 7.14: Qualitative energy-level alignment diagram for monolayers of benzylmercaptan (BM) and
dithiobenzoic acid (DTBA) on gold. ΦAu is the work function of bare gold and ∆Φ the change in work
function after monolayer adsorption. MMIS denotes the metal-molecule interface state and Π1 the highest
occupied pi-band of the monolayer metal system. In BM the MMIS is shifted to the interface state found for
similar thiolate SAMs [82], while the frontier pi-state is shifted accordingly. In DTBA the MMIS is located
close to the Fermi edge with the first pi-states being shifted towards lower binding energies as in the case
of BM. Due to the presumably stronger charge relocalization in the DTBA-Au system the work function
reduction is increased with respect to the BM counterpart.
The situation is quite different for DTBA on gold, however. Comparison of the density of
states and the photoemission spectrum again is good, but the energy-level alignment shows
another tendency. Here, the metal-molecule interface states extend up to the Fermi level.
This assignment is consistent with our earlier observation that there was a significant electron
density at the Fermi level for this system. For DTBA, the highest occupied Π-band is also
shifted toward the Fermi level, with a binding energy of between 1.3 eV and 1.6 eV. Features at
larger binding energies again agree well with the calculated density of states.
The factors that determine the energy level alignment and work function of unsubsti-
tuted, thiol-tethered aromatic monolayers are now well-understood [62, 151]. Charge re-
arrangement associated with chemisorption (reduction of the intrinsic surface dipole and
gold-thiolate bond formation) shifts the surface potential down, typically< 0.5 eV. The energy
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levels of the monolayer align to this modified surface potential, and this alignment deter-
mines the gap between the Fermi level of the substrate and the highest occupiedΠ-band of
the monolayer. The asymmetry in the charge distribution across the monolayer, induced by
the thiolate linker group, results in a further drop of surface potential of < 0.5 eV. In all, these
shifts reduce the work function of the modified surface by < 1 eV, as qualitatively illustrated
in figure 7.14. The situation will obviously be different for monolayers tethered through a
carbodithiolate group, though one can make guesses as to the effects leading to the observed
alignments. First, because each molecule is linked to the surface through two sulfur atoms,
a greater amount of charge redistribution at the interface is to be expected. Moreover, the
carbodithiolate linker group is expected to produce a greater asymmetry in the potential
across the monolayer. These effects are likely to combine, producing the large vacuum level
shift (1.6 eV) observed for the DTBA monolayer. In figure 7.14 a proposed model for the align-
ment process is summarized. However, the extent to which each of the many effects (Pauli
repulsion, charge transfer, bond formation, molecular dipole, monolayer depolarization, etc.
[254, 255, 256, 257, 84]) contribute to energy-level alignment and the work function shift is
difficult to assess quantitatively without more sophisticated calculations. Yet the change in
the work function can be reasoned qualitatively by regarding a joint dipole layer.
7.2.3.4 Work Function Alignment of BM and DTBA Coated Gold Surfaces
The change in work function resulting from a dipole layer on a metal surface can be estimated
using the Helmholtz equation [258]
∆Φ= Nmolµ
²0²eff
(7.5)
where ∆Φ is the work function shift, Nmol is the number of molecules per unit area, µ is the
dipole perpendicular to surface, ²eff is the effective relative dielectric constant, and ²0 is the
permittivity of free space. Using the coverage derived from the XPS measurements, work
function shifts derived from the UPS and taking ²eff ≈ 2[259] leads to a joint induced and
intrinsic dipole of 1.1 D for BM and 1.8 D for DTBA.
Using the correct molecular orientation and assuming the net charge on the molecule to
be zero, this would correspond to 0.05 of an electron charge separated by the molecular-
length molecule for DTBA and 0.03 of an electron charge for BM. If charge is transferred
from a surface gold atom to the sulfur atom (d = 0.26 nm), the charge transfer is 0.13 of an
electron per molecule for DTBA and 0.08 of an electron charge for BM. Though qualitative
in nature (and it must be emphasized that rigorous calculation incorporating other effects,
most notably, Pauli repulsion [45], and a more rigorous treatment of depolarization would
have to be completed to reach firm conclusions [256]), these calculations imply that charge
rearrangement in the case of DTBA may account for the larger change in work function for
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Figure 7.15: Bottom contact / bottom gate OTFT. The gate contact is burrowed in a fully flexible Kapton
substrate while a parylene layer acts as the gate dielectric. Drain and source contacts are evaporated on top,
left unmodified for the reference sample run and modified with thiolate and carbodithiolate monolayers for
improved devices.
surfaces modified with this compound as compared to that for BM.
7.2.4 Carbodithiolate and Thiolate Modification of OTFT contacts
In order to unravel the effect of the energy level alignment on transport properties in organic
optoelectronic devices, OTFT test structures were produced. The electrodes of such devices
are either modified with BM or DTBA and compared to those with unmodified electrodes.
In particular the suitability for ambipolar transport was shown to be strongly dependent on
contact properties [260, 111, 126]. OTFTs based on a pentacene solution spin-casting process
are chosen for their potential applicability in real devices. Especially the validated fabrication
on mechanically flexible substrates, i.e. Kapton, is seen as an important prerequisite for the
production of next generation organic electronics [261, 124].
7.2.4.1 OTFT Device Fabrication
The following depicts a brief description of the device fabrication, while full details for
fabricating pentacene bottom-contact/bottom-gate (BCBG) FETs are given in [114, 124].
Kapton films serve as the substrate for all the devices. Prior to device fabrication, the Kapton
films are cleaned for 5 min in an ultrasonic bath of ethanol and deionized water. The gate and
source-drain electrodes are patterned by photolithography while 20 nm of Au is deposited by
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Figure 7.16: The transfer characteristics of BM (a) and DTBA (b) modified devices show a very similar
behavior. The hole and electron mobilities are both increased with respect to the unmodified devices.
Different device parameters lead to changes in the absolute current but do not change the primary trans-
port parameters, i.e. mobility and threshold voltage. The DTBA modified FETs exhibit a slightly better
performance compared to the BM modified devices.
thermal evaporation for each of the gate and the source and drain electrodes. A 420-500 nm
parylene-C film is pyrolitically deposited in a PDS 2010, SCS coating chamber, intermediate
to the steps of gate and source-drain electrode deposition. DTBA modification of the source
and drain electrodes followed the self-assembly procedures described above with minor
variations as TBAF proved to etch the gold electrodes. Therefore, a 10 mmol solution of DTBA
dissolved in distilled THF is refluxed over 2 equivalence of K2CO3 for 2-3 h. The reaction
mixture is cooled to room temperature and solvent removed by vacuum. The reaction vessel
is transferred to an inert atmosphere and reconstituted in distilled toluene, filtered through a
0.2 µm filter. Subsequently, the device substrates are submerged for 12-16 h.
The semiconducting pentacene channel is deposited by spin coating and thermal conversion
of its n-sulfinylacetamidopentacene precursor following literature procedures [113, 262].
OTFTs are measured in a Karl Suss PM5 probe station mounted in a nitrogen filled glove
box. Electrical measurements of current-voltage were collected using an Agilent 4156C
semiconductor parameter analyzer, while the capacitance was measured using a HP 4276A
LCZ analyzer.
7.2.4.2 OTFT Device Characterization
Transfer characteristics for pentacene FETs with unmodified, BM-modified and DTBA-
modified electrodes are shown for channel lengths of 200µm and channel widths of 3 mm
fabricated on a flexible Kapton substrate depicted in figure 7.16. Electron transport at high
positive gate bias and hole transport at high negative gate bias are observed in DTBA-modified
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devices, characteristic of ambipolar transport. In comparison to unmodified devices, the BM
and DTBA electrode modification enhances both electron and hole currents.
In the DTBA modified device, the hole mobility is 0.14 cm2/Vs and the electron mobility is
0.05 cm2/Vs. Comparable values are found for the benzenemercaptan modified electrodes
with a hole mobility of 0.12 cm2/Vs and an electron mobility of 0.03 cm2/Vs For the unmodi-
fied device of the same channel dimensions, the hole mobility still amounts to 0.09 cm2/Vs,
while no electron mobility could be measured. Threshold voltage and absolute electron and
hole currents vary significantly within the sample series. However, the mobility values are
reproduced reliably for various sets of W and L ratios. It is shown that ambipolar transport is
accomplished with the electrode modifications as it was reported for similar SAM systems
[260, 124, 111].
The enhanced electron and hole currents and ambipolar behavior in BM and DTBA-modified
devices are characterized for all 21 devices, varying in channel length from 20 to 200 µm with
a channel width to length ratio of 15, where DTBA is assembled by deprotection using either
K2CO3 or TBAF. Devices using K2CO3 deprotection of DTBA are fabricated with greater yield
but show similar characteristics to devices where DTBA was deprotected using TBAF, noting
that only chips where TBAF did not significantly etch the source and drain electrodes could be
measured. DTBA and BM sourcedrain-modified BC/BG OFETs show similar enhancements
of the electron and hole currents and similar dependencies of increased electron and hole
currents and mobilities as the channel dimensions are enlarged. Further optimization of the
DTBA assembly in OFETs and experimentation are yet to be identified. These include inves-
tigations of the microscopic differences in DTBA- and BM-modified metal-semiconductor
interfaces and their influences, both electronically and structurally, on macroscopic device
performance.
7.3 Interim Conclusion and Outlook
Self-assembled monolayers bound by a carbodithiolate anchoring group affect surface elec-
trostatics differently than other linker groups that have been studied. In the case of DTBA,
the work function is lowered by <1.6 eV, and the highest occupied Π-band is situated be-
tween 1.3 eV and 1.6 eV below the Fermi level. Both of these changes should significantly
impact tunneling transport and are likely to be responsible, in part, for the recently re-
ported charge carrier injection observed in the nanoscale metal-molecule-metal junction
of para(phenylene-ethynylene) [88]. In contrast the work function reduction in BM covered
gold substrates amounts to only 0.9 eV as found for comparable thiolate linker groups. Also
the position of theΠ-bands is shifted to even lower values of 2.8 eV binding energy.
The carbodithiolate surface modification can be effectively used to engineer the organic
semiconductor-metal interface in thin film transistors, enabling ambipolar transport. How-
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ever, for the investigated devices the effect does not significantly differ from the improvement
which is found for BM modified contact electrodes. More theoretical studies of the charge
distribution at the metal-molecule interface will be required to fully understand the origins
of these observations. Especially a detailed deconvolution of the electrostatic effects gov-
erning the work function reduction would be important. Moreover, experimental studies
of the unoccupied band structure of the monolayer should prove helpful in understanding
the ambipolar transport that the surface modifications produce in OFETs. Further work is
required to perfect the performance of OFETs modified with the carbodithiolate linker group
as for instance the pentacene film structure could be another crucial factor for influencing
the transport properties [123].
Nonetheless the carbodithiolate linking group illustrates an example of the importance of
the molecular electronic structure in devices. To facilitate these, a novel coupling chemistry
was applied, which holds great potential to improve charge transport processes in organic
optoelectronic devices. In a next step the related dithiocarbamate linker can be seen as an
alternate and even more robust system for electrode modification [224, 263]. Thus, in the
upcoming chapter the carbodithiolate linker group will be investigated to further develop
this concept.
127
CHAPTER 8
Results and Discussion II:
Interface Dipole Formation of
Dithiocarbamate Monolayers on
Metal Surfaces
In this chapter the previous approach to modify gold surfaces with surfactants containing a
double sulfur moiety is extended. While the DTBA functionalization proved to be beneficial
for OTFT device performance, the SAM preparation required additives and protection agents.
Thus a similar - yet more stable and easily employed - compound class, the dithiocarbamtes
(DTC), have been identified. Self-assembled monolayers on the basis of DTC molecules promise
to combine the electronic coupling properties of dithiolates with a high inherent stability and
a simple processing procedure. Systematic experimental studies and quantum mechanical
computations are conducted in order to quantify the SAM formation, the electronic properties
of the newly formed surface and the impact on actual devices.
8.1 Surface Functionalization with Dithiocarbamate
Molecules
In order to describe and understand the fundamentals of DTC layer formation the investiga-
tion focuses on plain gold surfaces. In this section the basic properties of the dithiocarbamate
anchor group are described from a chemist’s point of view. To explore the origin of the
coupling mechanism, first results on the versatility and suitability of dithiocarbamates are
derived from empirical chemical laws. Subsequently, density functional theory calculations
are employed to reach a higher level of complexity. In particular the required conditions to
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Figure 8.1: Visualization of a diethyldithiocarbamate (C2DTC) adsorbed on a (111) oriented gold surface.
The geometry is derived from calculations for a C2DTC molecule on a 11 atom gold cluster [264]. The Au-S
bond distance corresponds to the bond distance usually found for thiolate molecules on Au surfaces [265].
The C-S-C bond angle is of the same order of magnitude as the equilibrium angle of the isolated molecule (≈
125 ◦), while the S-S spacing corresponds to the gold lattice constant. A C-N bond length of 1.35 Å indicates
a partial double bond as found in cyanine complexes [266].
form stable monolayers are specified.
8.1.1 Dithiocarbamates - A New Prototype from Chelating Chemistry
To begin with, the chemical structure of dithiocarbamates (DTC) and the historical develop-
ment around the compounds are discussed. The term "dithiocarbamate" is derived from
"carbamate" which is the half-amide of carbonic acid. "Dithio-" stands for the substitution
of oxygen atoms in the carbonic acid analogon by sulfur [267]. In this way a dithiocarbamate
is the half-amide of dithiocarbonic acid, which is the coupling group of dithiobenzoic acid
investigated in the preceding chapter. The most simple forms of carbamate and the dithiocar-
bamate analogon are synthesized from ammonium according to figure 8.2. Strictly speaking
the dithiocarbamate denotes the part of a salt formed from dithiocarbamic acid. In this work
the term dithiocarbamate is also employed to describe the acid complex as an hydrogen
terminated "-ate" compound.
The discovery of dithiocarbamates was made in the beginning of organo-sulfur chemistry.
In 1850 a first mentioning of dithiocarbamates is found in the publication of Debus [268].
Soon the strong metal binding properties, which are now well know for thiolate compounds,
became apparent. Delepine derived this property from the insolubility of dithiocarbamate
metal salts in almost any but the most acidic solvents. As an exception dithiocarbamate salts
comprising alkali and alkaline earth metals show a decent solubility [269]. Subsequently,
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Figure 8.2: Primary synthesis route for the ammonium salt of (a) carbamic acid and (b) dithiocarbamic acid,
respectively.
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Figure 8.3: Schematic formula of a most generic dithiocarbamate compound. N, C and S are the respective
elemental symbols. X and Y are hydrogen, aryl or alkyl residue groups which are covalently bound to the
nitrogen atom. Z depicts a reaction partner, which binds resonantly to the hybridized SCS group. In the
neutral case Z is given by a hydrogen atom, while Z can also be a metal ion in a dithiocarbamate-salt or a
surface metal atom in DTC monolayers.
sodium diethyldithiocarbamate played an important role in chelation chemistry and hence
made its way into numerous applications. As such the metal combining capacity together
with the ability to interact with sulfhydryl containing compounds make dithiocarbamates
efficient inhibitors for enzymes in biological research [267]. Moreover practical application
was seen in the field of agriculture and medicine as well.
For instance in 1942 the use of thiram (dimethyldithiocarbamate disulfide) for the treat-
ment of scabies was proposed by Gordon [270]. The insecticidal activity of dithiocarbamate
compounds was first reported by Guy in 1936 [271]. Even today dithiocarbamate related
compounds are still employed as cures for plant pathologies and fungicides. The latter ac-
tivity was first studied by Martin in 1959, who proposed an acceleration of sulfur activity as
found in vulcanization chemistry [272]. Yet, a US patent on the use of most generic metal
dithiocarbamate salts, depicted in figure 8.3 as bactericides, microbicides and fungicides,
was already held by Tisdale and Williams in 1934 [273].
Following the previously introduced reaction scheme, dithiocarbamates in solution can be
formed as the respective ammonium salt by adding carbon disulfide to an alcoholic solution
of a primary or secondary amine. In order to preserve the commonly more valuable amine
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Figure 8.4: Canonical representation of a metal-dithiocarbamate with residue group R. Analogously to
carboxylic acids the deprotonated compound is subject to a pronounced resonance stabilization. The
adjacent metal atom binds to the electron donating SCS docking group (a), (b) and (c)
the reaction can also be conveyed by an alkali metal hydroxide to form the salt according to
R’RNH2+CS2+NaOHGGAR’RNHCSSNa+H2O (8.1)
with R and R’ being hydrogen, aryl or alkyl groups. A precipitation of the dithiocarbamic acid
from the aqueous solution is conducted by the addition of a strong mineral acid. However,
the product is relatively unstable and can only be stored briefly at a temperature below 5 ◦C
[274]. Within this work only secondary amines (R’ = R) are employed which always result in
dithiocarbamtes with R’ = R. As an exception piperidine is chosen too. In this case R’ and R
are combined within the ring system (see figure 8.9).
In another routine dithiocarbamates can be synthesized from regular carbamates by the
addition of carbon disulfide to an ammonium carbamate. This reaction also takes place in
aqueous alcohol at room temperature [275]. Yet, this reaction scheme is considered disadvan-
tageous as generally the carbamate is more valuable and difficult to synthesize. Instead, the
research field aimed for the reverse reaction which can be carried out in a two step process
[276]. In the specific case of surface functionalization which will be discussed later in this
section the aqueous environment as well as the produced CO2 impede the SAM formation.
Hence, this particular synthesis route is discarded.
Before the actual synthesis and adsorption reaction of dithiocarbamates on surfaces can be
described, the physico-chemical concepts of the compounds need further explanation. The
metal binding properties, which are the trademark of suitable chelate molecules, are derived
from the canonical form of the dithiocarbamate group. The chelate complex M(S2CNR2)n
with a metal atom M of valency n is depicted in figure 8.4. Many authors proposed that
the canonical form a with shared partial negative charge on the sulfur atoms is the main
contributor to the actual structure [277, 278]. This form arises from the mesomeric electron
releasing tendency of the amine group. The accompanying electron drift into the sulfur
moieties increase the electron donor capacity at the sulfur sites. Such a behavior is relatively
pronounced in dithiocarbamates resulting in an almost twitter ionic compound with a partial
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Figure 8.5: Zincdimethyldithiocarbamate is a common dithiocarbamate salt.
positive charge on the amine group and a partial negative charge on the sulfur atoms. This in
turn permits the formation of strong complexes with the metal atom. However the tendency
for dative pi bonds from the metal to the sulfur atoms is reduced. Furthermore, the reaction
requires the absence of an additional protonation of the nitrogen atom in the amine group
which would draw electrons back into the R-N-R moiety. Hence, the chelate formation is hin-
dered in acidic environments. Indeed, Aspila and coworkers showed that in a strongly acidic
solution dithiocarbamates are even drawn towards spontaneous dissociation [279, 280].
A prominent example for a stable metal dithiocarbamate is given by zinc diethyldithiocar-
bamate which is depicted in figure 8.5. It is found that the actual structure could best be
explained in a mesomeric picture of the canonical representations. UV-Vis spectra as well as
X-Ray diffraction studies confirm the assumption of a bond resonance in the C-S-M system
[281, 282]. Thus, the metal salt does not represent a true ionic salt, but involves a covalent
complex formation.
Eventually, this covalent complex formation enables a stable growth of dithiocarbamate
monolayers on metal substrates. Even though the findings on the chelating properties are
well known as discussed before, the application in monolayers emerged only at the begin
of this millennium. The approach was introduced by the group of Wei who first caught
the idea to combine the chelating properties of dithiocarbamates with the techniques of
monolayer engineering [224]. In a very simple reaction scheme a gold substrate was given
into an equimolar solution of carbon disulfide and a secondary amine. The unambiguous
SERS spectra of monolayers from the respective dithiocarbamate were found for either
the growth in an aqueous and organic solvent. The most stable results were found for
anhydrous alcohols as expected for thiolate related monolayers [283]. In a subsequent
investigation the most stable growth was found for an increased content of the secondary
amine to double the concentration of the CS2 [284]. The stabilization can be reasoned by two
effects. First, possible excess CS2 could adsorb on the surface and impede the formation of a
dense film dithiocarbamate SAM. By increasing the amine content no "free" carbon disulfide
will be available which could be the case otherwise. Second, the solution becomes more
alkaline by adding amine. Hence, presumably the amine dithiocarbamate salt is constructed
and kept relatively stable until adsorption takes place at the metal surface under release of
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the amine cation. This reaction follows the proposed reaction scheme for the ammonium
dithiocarbamate at the start of this section. Since dithiocarbamate is synthesized briefly
before the compound adsorbs on the metal surface the process is referenced to as in-situ
DTC SAM synthesis.
Another approach utilizes the stable but soluble form of alkali metal dithiocarbamate or
the thiram (bis-dimethyldithiocarbamate) [285]. These systems were found to be functional
but were less reliable as the aforementioned decomposition of the compounds could not be
guaranteed.
In order to achieve a constant SAM formation with reproducible results the first SAM growth
routine is selected, whose parameters are specified in the next subsection.
8.1.2 In-Situ SAM Synthesis
As indicated before the direct in-situ DTC SAM synthesis after Zhu et al. is chosen for all
growth procedures [284]. In contrast to the classical DTC formation approach the reaction
from Wei works without any further additives. This renders the procedure less interference-
prone, less expensive and thereby better suited for industry needs. The appealing simplicity
of the reaction becomes evident by a quick glance on the reaction scheme in figure 8.2.
The secondary amine with the residual group R (R-N-R) is given into an anhydrous alkaline
solution together with an equal amount of carbon disulfide (CS2). Subsequently, the metal
films are added to the solution. In a spontaneous reaction the dithiocarbamate is directly
formed on the catalytic metal surface which provides the substrate for the DTC self-assembled
monolayer. All DTC SAM which are produced in the course of this work are synthesized this
manner. Yet the technical details could vary and were tested for various reaction parameters.
The substrate preparation is carried out by the standard procedure. Plain 100-oriented silicon
wavers are coated with a titanium priming layer with a thickness of 10 nm. Subsequently, a
100 nm thick gold layer is evaporated on the titanium adhesion layer. The wavers are broken
into approximately 1 cm2 large pieces. In the next step, the gold surfaces are treated in an
UV-ozone plasma for 15 min and rinsed in di-ionized water to wash off the instable Au2O3.
These cleaned gold substrates are brought to an inert N2 atmosphere and are immersed in
the solution with the respective reactants for the desired DTC molecule. For different types of
dithiocarbamates test samples from different solvents, material concentrations, immersion
times and rinsing options are tested. In any case the as prepared SAM covered Au surfaces
are blown dry with nitrogen. The whole reaction process is depicted in figure 8.6.
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Figure 8.6: Reaction scheme for DTC layer formation. The gold substrate is given into an ethanolic solution
of carbon disulfide and either diethylamine, piperidine or diphenylamine. In a spontaneous reaction a layer
of the respective dithiocarbamate compound C2DTC, pipDTC or phenDTC is formed, respectively.
8.2 Dithiocarbamate Monolayers on Gold
While DTC monolayers are suited for a broad range of coinage metal substrates, the focus of
this study is placed on the DTC growth on gold surfaces as described in the previous section.
As for the dithioate SAMs the main reason is the good match between the Au(111) lattice
constant and the DTC sulfur to sulfur distance. This aspect is addressed by DFT calculations
on various DTC molecules in this section. Furthermore, FTIR and XPS are employed to verify
the SAM growth for a set of fundamental DTC molecules ranging from an alkylic over a cyclic
to an aromatic system. Considerations on the electronic structure of the SAM-metal complex
are derived from UPS measurements and explained by DFT calculations.
8.2.1 Variation of the Molecular Backbone - From Alkyl Moieties to
Conjugated pi-Systems
8.2.1.1 Molecular Structure
The DTC compounds investigated are the alkaline diethyldithiocarbamate (C2DTC), the cyclic
piperidinedithiocarbamate (pipDTC) and the aromatic diphenyldithiocarbamate (phenDTC)
which are depicted in figure 8.7. Molecular structure calculations on the isolated molecules
are performed using density functional theory employing the Gaussian09 program package
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Figure 8.7: Molecular structure and sum formula of the investigated fundamental dithiocarbamates. Sulfur
is depicted in red, nitrogen in blue, carbon in gray and hydrogen in light gray. Each compound represents a
slightly different class starting from the less complex alkyl system in diethyldithiocarbamate advancing to a
ring system of the cyclic piperidinedithiocarbamate and finally reaching the aromatic diphenyldithiocar-
bamate. The geometries are relaxed for the hydrogen terminated neutral molecule in quantum chemical
calculations on the level of density functional theory. The B3LYP functional and 6-311+G(d) basis set are
employed.
[179]. In order to match a saturated valence as for a molecule adsorbed on the gold surface
one sulfur moiety is terminated by an hydrogen atom. The B3LYP exchange-correlation func-
tional, which proved to yield excellent results on calculations of isolated organic molecules, is
chosen for the computations together with a 6-311G+(d) wave function basis set [286] [188]
[287].
The diethyldithiocarbamate can be regarded as the prototypical DTC molecule. Only the
dimethyldithiocarbamate (C1DTC) would exhibit a less complex molecular structure. Yet,
even though the successful formation of C1DTC SAMs has been reported, it is believed that
due to the odd-even effects of alkylic monolayer systems most stable results can be achieved
with an even number of alkyl groups []. In their work Tao and Bernasek list numerous studies
on the odd-even effects in alkanethiol SAMs and related compounds with alkane spacer
groups at various chain lengths. They showed that in alkanethiol SAMs on gold the ordering
and orientation can be tracked by Infrared and HREEL spectroscopy [288]. The signature of
the C-H stretching modes in the vibrational spectroscopies revealed that an even number
of methylene units leads to a reduction of the tilt angle of the molecules with respect to
the gold surface and to a more upright orientation of the final methyl group. This struc-
tural differences have a direct effect on the total dipole moment of the SAM and hence the
surface energetics. As a result, the water contact angle and hence the surface free energy
of the odd numbered alkanethiolate SAM surfaces exhibit lower values compared to their
even-numbered counterparts. This attribute directly affects the chemical reactivity, too [289].
Wolf and coworkers found that the reactivity for hydrogen addition is increased for an odd
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C2DTC C2DTC(anion) C2DTC(rad) pipDTC phenDTC
Total energy [eV] -1048.41 -1047.78 -1032.90 -1086.52 -1353.30
S-S distance [Å] 3.017 3.023 2.761 3.012 3.028
S-C-S angle [◦] 120.17 122.43 107.94 119.92 122.02
S-C length [Å] 1.739 1.724 1.707 1.740 1.734
C-N-C’-C’ angle [◦] 85.96 90.21 90.39 120.36 112.17
C-N length [Å] 1.350 1.390 1.337 1.349 1.366
µ [D] 4.14 28.65 5.05 4.51 4.09
µC-N [D] 2.75 12.13 3.77 2.85 2.67
Table 8.1: Structural properties of fundamental dithiocarbamate molecules from the ab inito DFT calcula-
tions. The calculations are performed employing the B3LYP functional with the 6-311G+(d) Pople basis set.
C denotes the carbon atom bond in the NCSS group while C’ represents a carbon atom in the molecular
backbone. All compounds share the most relevant structural dimensions. The S-S distance matches the
lattice spacing on a Au(111) surface. Bond angles and length within the NCSS group indicate a resonant
aromatic system which is in line with further findings in DTC molecules [267, 284, 263]. The reported
dihedral angle C-N-C’-C’ depicts the tilt angle of the backbone and rises from alkyl system (C2DTC) over
the cyclic molecule (pipDTC) to the aromatic compound (phenDTC). Thereby the tendency for an upright
orientation of the whole molecule upon adsorption on a surface is increased. The dipole moment µC-N
along the presumably upright oriented C-N axis amounts to approximately twice the value as for comparable
thiolate molecules. All properties remain merely unchanged for the limits of an ionic or radical system as
shown for C2DTC(anion) and C2DTC(rad), respectively. As a single exception the total dipole moment µ
of the anion and the respective projection on the C-N axis is increased considerably due to the artificially
added electron.
chain length. Moreover, the friction coefficient and hence the tendency to strongly adhere
to the gold substrate is reduced for odd-numbered alkylchains as found by Wong et al. by
friction force microscopy [290]. As a consequence, the even dialkylamine with minimal chain
length, i.e. diethylamine, is employed in this work in order to achieve the most stable DTC
SAM. This is important for the subsequent study on dialkyldithiocarbamates with varied alkyl
chain length. Thus, only even-numbered alkylamines are employed to suppress possible
deteriorations of the findings due to odd-even-effects in a later section.
First, the relaxed structure and frontier molecular orbitals of the C2DTC are depicted in
figure 8.8, while the important geometric parameters are listed in table 8.1. The equilibrium
distance between the sulfur atoms amounts to 2.9 Å which is close to the lattice parameter
of 2.885 Å of the (111) face of Au. The mean S-C bond length amounts to 1.74 Å while the
S-C-S bond angle is 120 ◦. This calculated bond length corresponds to typical values for
conjugated bonds between sulfur and carbon atoms as apparent in the well characterized
thiophene systems (C-S bond length 1.71 Å) whereas the bond angle ideally matches the
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sp2-hybridization of the system [291, 292]. Another important measure is given by the C-N
bond length between the dithiolate carbon and the nitrogen atom, dC=N ≈ 1.35Å, which
is a fingerprint characteristic of dithiocarbamate compounds. The C-N bond can neither
be regarded as a single bond of an amine compound (dC-N ≈ 1.48Å) nor as a double bond
of imines (dC=N ≈ 1.27Å) [293]. Indeed, the calculated bond length corresponds well to
the partial C-N double bond found for conjugated carbon-nitrogen systems like pyridine
dC-=N ≈ 1.34Å and pyrrole dC-=N ≈ 1.37Å [293]. The establishment of a carbon-nitrogen bond
is always accompanied by a rather strong polarization towards the more electronegative
nitrogen atom. Hence, the total molecular dipole moment of diethyldithiocarbamate is
as large as µ = 4.14D of which the projection on the direction of the C-N axis amounts to
µC-N = 2.75D. The projection is directly calculated according to
µC-N =
∣∣∣∣ 1|~rC −~rN | (~rC −~rN )•~µ
∣∣∣∣ (8.2)
where ~ri identifies the coordinates of atom i . The additional contribution to the total molecu-
lar dipole moment is attributed to the tilted charge rearrangement between the tilted alkyl
chains and the nitrogen moiety. Again negative charges are pulled towards the nitrogen atom
but the direction of the resulting dipole moment is dependent on the tilt angle of the alkyl
group. This tilt angle is well described by the dihedral angle between the C-N-C’ plane and
the N-C’-C’ plane where C’ denotes the carbon atoms in the alkyl chain. For C2DTC the
aforementioned dihedral angle is 86 ◦. Thus, the component of the dipole moment is oriented
almost perpendicular to the dipole moment of the previously described conjugated C-N
bond.
Due to the saturated valence, the structural properties of the hydrogen terminated dithio-
carbamate closely resemble the surfactant DTC on gold. As the thiolate hydrogen atom is
eliminated from the DTC group upon adsorption on the gold surface the equilibrium struc-
ture of the anion or radical could prove to be better suited for the description of the surfactant
molecule. Yet, neither a strong charging effect which could produce the ionic structure nor
the chemically instable radical species is expected. However, the two cases depict the limits
of the structural equilibrium parameters and are hence calculated, too. In order to facilitate
a comparison to the neutral saturated C2DTC the results are also listed in table 8.1. The
absence of substantial changes is apparent. Both, the sulfur to sulfur distance as well as the
S-C-S bond angle remain unchanged for the ion and are slightly reduced - but still match
the Au-Au distance - in the radical. As an exception the total molecular dipole moment µ
and the projected dipole moment µC-N of the ionic compound adds up to approximately
seven, respectively five, times the value of the neutral molecule. Such an effect is expected
as the extra charge is accumulated on the nitrogen moiety. Yet, the formation of an ionic
thiolate or dithiolate compound upon surface adsorption has not been reported so far [62]
[88]. Moreover, the effect would exhibit only a small perturbation to the covalent Au-S bonds.
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This whole assumption is investigated in more detail in the next subsection by the calculation
of the complete monolayer. The same holds for the slight increase of the dipole moment in
the radical which will also show up for the closed monolayer without hydrogen termination.
However, as a result from the discussion in this paragraph it is concluded that the consid-
eration of radical and ionic DTC species are not required for any further single molecule
calculation.
The pipDTC is investigated in an analogous manner. The relaxed geometry and most relevant
molecular orbitals are depicted in figure 8.9. The primary molecular properties are listed in
table 8.1. Only small deviations in the structural parameters from the C2DTC are found. Thus,
the bonding properties to gold are ideal in terms of the geometric parameters. Most distinct,
the dihedral C-N-C’-C’ angle is slightly larger amounting to approximately 120 ◦. This means
that in the case of surface adsorption the molecular backbone tends to be orientated more
perpendicular to the surface. Furthermore, the dipole moment and the respective projection
on the C-N axis are similar to the values found for C2DTC, with 4.51 D and 2.85 D respectively.
Analogous results are found for the phenDTC molecule as can be seen from the relaxed
structure in figure 8.10 and table 8.1. Again the geometric dimensions on the NCSS moiety
are comparable to those of C2DTC. Yet, the order parameters of the backbone are consider-
ably different from the previous two cases. Both phenyl rings are tilted with respect to each
other and the dithiocarbamate group yielding a dihedral angle of around 112 ◦. This is a
clear indication of a partial delocalization of the pi-system across the whole molecule as it is
observed in common triphenyl derivatives (TPD) [294]. The observation is confirmed by the
molecular orbitals seen in figure 8.10 where the pi-type HOMO-2 and LUMO are not solely
localized on the DTC end group as for C2DTC and pipDTC.
We learn from the preceding analysis that the relevant properties of the NCSS docking group,
i.e. the S-S distance and the S-C-S bond angle, vary little upon exchange of the molecular
backbone. Therefore, the tendency to bind to a Au surface is expected to show only small
differences for the chosen set of dithiocarbamates. With respect to this aspect the alkyl, cyclic
and aromatic compounds show the same prerequisite to form a strongly attached SAM. The
chemical reactivity of the NCSS group is very similar for all dithiocarbamate compounds
[267]. It is remarkable that the C-N distance between the dithiolate carbon and the nitrogen
atom remains in the same range of a partial double bond for all three species. Hence, the
intrinsic molecular dipole and in turn the adsorbed dipole density, will tend to be constant.
Of course a change can be envisioned by the application of more electronegative backbone
fragments [62, 56]. Still, two aspects remain unanswered at this point. First, it is yet to
be shown if the DTC formation process takes place equally well for C2DTC, pipDTC and
phenDTC. Second, the van-der-Waals stabilization mechanism and backbone ordering will
be thoroughly different for the three compounds. For instance the relatively large diphenyl
backbone of the phenDTC exceeds the dimensions of the NCSS group and will induce steric
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Figure 8.8: Relaxed geometry and molecular orbital isosurfaces for diethyldithiocarbamate (C2DTC). Isosur-
faces
(∣∣ψ= 0.03∣∣) and MO energies are taken from DFT calculations employing the B3LYP functional and
6-311+g(d) basis set. The highest occupied molecular orbital (HOMO) is given by the sulfur lone pair orbital
in the former CS2 group. HOMO-1, HOMO-2 and LUMO have the character of pi orbitals delocalized over
the CS2 group. This picture is in line with the canonical form of the resonant bond which was introduced in
fig. 8.4 a. The LUMO+1 and LUMO+2 are denoted as σ-type states. The additional occupied valence states
(not depicted) are σ orbitals and one further pi orbital which hybridizes with the σ states.
hindrance effects for the molecular packaging in the SAM.
For a first estimate of the adsorbed structure the C2DTC molecule is calculated with the same
methodology on top of a 11 atom gold cluster depicted in figure 8.1. While the gold atom are
fixed and are approximated with pseudopotentials accounting for the 60 core electrons, a
relaxed structure for the adsorbed molecule is found. The S-S distance remains in the same
order of magnitude as the Au lattice constant. The Au-S distance of 2.6 Å matches calculated
values found for thiolate molecules on gold surfaces [265]. However, this value is inconsistent
with modified force field calculations, which lead to lower values [295]. Molecular dynamics
calculations find a pronounced reorganization of the gold surface as experimentally con-
firmed by X-Ray diffraction experiments [142, 150]. A more detailed picture is generated in
slab calculations which will be presented later. Still this first approximation provides evidence
that a stable SAM formation is feasible.
8.2.1.2 Molecular Orbital Calculations
The energies and isosurfaces of the molecular orbitals are derived from the same set of
calculations which are presented in the previous subsection. All isosurfaces I describe the
spatial distribution of a constant wave function value with
I = {~ri so ∈ℜ3 | ψi (~ri so)=±0.03} (8.3)
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Figure 8.9: Relaxed geometry and molecular orbital isosurfaces for piperidinedithiocarbamate (pipDTC).
Isosurfaces
(∣∣ψ= 0.03∣∣) and MO energies are taken from DFT calculations employing the B3LYP functional
and 6-311+g(d) basis set. As for C2DTC the highest occupied molecular orbital (HOMO) is identified as the
sulfur lone pair orbital in the former CS2 group. Again, HOMO-1, HOMO-2 and LUMO have the character
of pi orbitals which are delocalized over the CS2 group. The LUMO+1 and LUMO+2 are denoted as σ-
type states. Remarkably, the MO energies E(M) of each orbital M are at almost the same position with
∆E(M)= EC2DTC(M)−EpipDTC(M)< 0.1eV. The deviations are slightly larger for the LUMO levels.
Figure 8.10: Relaxed geometry and molecular orbital isosurfaces for diphenyldithiocarbamate (phenDTC).
As in the preceding cases isosurfaces
(∣∣ψ= 0.03∣∣) and MO energies are generated in DFT calculations
employing the B3LYP functional and 6-311+g(d) basis set. Analogously to C2DTC and pipDTC the highest
occupied molecular orbital (HOMO) is given by the sulfur lone pair orbital in the former CS2 group. HOMO-
1, HOMO-2 and LUMO are pi orbitals which are delocalized over the CS2 group, too. Here, the HOMO-1 and
the LUMO+1 are hybridized with pi orbitals on the phenyl rings. Hence, the previously found deviations in
the MO energies between the different investigated molecules are slightly higher. Still, the canonical form
of the resonant bond of fig. 8.4 a is valid and applicable to all studied DTC molecules. As a side note it is
observed that the LUMO+2 corresponds to the anti-bonding E2u benzene orbital on one of the phenyl rings
[105]. The remaining occupied valence states (not depicted) are further σ and pi orbitals mainly localized on
the phenyl rings.
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where ψi is the wave function of the molecular orbital i and both signs are given in different
colorations. The character of the molecular orbital becomes immediately apparent as shown
in figures 8.8, 8.9 and 8.10. The classification of the frontier molecular orbitals (HOMO,
LUMO) and the very next orbitals is pursued as follows. The HOMO and LUMO of all three
DTC molecules consists of the sulfur lone pair orbitals. The HOMO-1 and HOMO-2 are
described by pi-like orbitals with main contributions on the NCSS moiety. Analogously to
the case of DTBA in the previous chapter the frontier molecular orbitals are determined by
the chemical structure of the dithiolate end group. The molecular backbone does not have a
pronounced influence on the molecular orbitals. Even the aromatic system of the diphenyl
groups does not interfere strongly with the electronic pi system of the dithiocarbamic acid
group and the sulfur lone pair orbital. The latter two govern the chemical bonding to adjacent
metal clusters and surfaces [296]. As an exception the HOMO-2 is hybridized across the whole
molecule including the pi system of the phenyl rings and the DTC group. Also the LUMO
shows a slight contribution on the phenyl rings [297]. Thus an aromatic backbone shows a
tendency to interact with the pi-system of the dithiocarbamic acid but does not change the
MOs significantly.
The invariance of the electronic system of the DTC group upon exchange of the backbone is
further supported by the energy eigenvalues which are given in the figures 8.8, 8.9 and 8.10,
too. Only minor changes up to 0.1 eV are reported for the occupied levels. This deviation
rises to 0.3 eV for the HOMO-2 of the phenDTC as this potential orbital is delocalized over the
whole molecule. Overall, the changes do not significantly exceed system-inherent variations
of DFT calculations which would occur for a different choice of functionals and basis sets.
For the LUMO+1 and LUMO+2 the deviations between the different compounds amount
to more than 0.1 eV. Again, these deviations can be considered insignificant as unoccupied
(virtual) and excited levels are poorly reproduced by standard DFT calculations. As a further
exception the unoccupied eigenvalues of phenDTC are affected even more, but is known that
related triphenyl compounds show a strong reorganization upon excitation. Therefore, the
plain virtual orbitals of the ground state calculation serve only as an approximation.
The findings indicate, that if the dithiocarbamate SAM will form from every amine compound
the electronic structure, which is dominated by the orbitals close to Fermi level, can be
predicted to be very similar. While the detailed electronic structure investigation remains
the aim for the UPS measurements the verification of the SAM growth is pursued by FTIR
spectroscopy.
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8.2.1.3 SAM Formation - FTIR Spectroscopy
All measurements presented in this chapter are performed in a Biorad FTS 3000 IR spectrom-
eter which is equipped with a uniflex reflection unit, a globar source, a KBr beam-splitter
and a LN cooled MCT detector. FTIR spectra are taken at a nearly grazing angle of incidence
at 83 ◦ with an aperture of 8 mm and an integration time of roughly 20 min in a purge gas
(N2) atmosphere. Subsequently, the ratio of the spectra and analogously taken spectra of a
UV-ozone cleaned gold surface of the same waver batch and fabrication run is produced.
Residual gas phase absorption lines of H2O and CO2 are eliminated by the subtraction of a
second reference measurement conducted at a lower purge gas level. Eventually, the spectra
are leveled manually by a rigid base line subtraction accounting for slight differences in the IR
reflection pattern of the individual gold layers. Each of the data processing steps is performed
in the Biorad WIN-IR Pro Software Package V2.96 [298].
C2DTC, pipDTC and phenDTC SAMs are grown as described in subsection 8.1.2. The reliabil-
ity of this method as well as the quality of the DTC films is investigated by FTIR spectroscopy.
It was shown that the formation of alkanethiol SAMs on gold is independent of immersion
time, reactant concentration and rinsing procedure [143]. Still SAMs with a slightly higher sur-
face coverage are achieved for higher concentrations and longer immersion times. However,
the tendency to achieve undesired multilayered systems is increased, too. From the routines
reported by Zhu et al. and Zhao et al. it is not perfectly clear, if a variation in these process pa-
rameters is crucial for the establishment of a densely packed dithiocarbamate self-assembled
monolayer. Therefore, the impact of immersion times and reactant concentrations is tested
for C2DTC in terms of the signature quality in the FTIR spectra.
FTIR - Diethyldithiocarbamate (C2DTC)
In the first instance an identification of the characteristic IR absorption peaks of the C2DTC
molecule is required. Thus, a first spectrum is recorded for a SAM grown with the process
parameters which are recommended by Zhao et al., i.e. 12 h of immersion time, 50 mM con-
centration of diethylamine and 25 mM concentration of carbondisulfide [213]. Subsequently,
the DTC covered gold substrate is brought to the IR spectrometer with minimum exposure
(<10 s) to ambient conditions. The recorded spectra is depicted in figure 8.11 (a) which shows
the most crucial fundamental absorption bands between 1000 cm−1 and 1500 cm−1 as well
as with the C-H stretching modes in the regime of 3000 cm−1. The frequency range below
800 cm−1 cannot be measured accurately with the given setup and is not evaluated further.
The appearance of distinct absorption peaks already provides evidence for the adsorption of
a specific organic molecule. The assignment of the observed peaks to fundamental vibrations
of the adsorbed DTC compound is achieved with the DFT calculations.
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Figure 8.11:Measured (a) and simulated (b) FTIR spectra of diethyldithiocarbamate (C2DTC). The simulated
spectra are generated from harmonic frequency calculations in DFT including empirical anharmonic
corrections. In the range of 1000 cm−1 to 1500 cm−1 the fundamental modes of vibration of the S-C, C-C and
C-N groups are observed. The overall match between experiment and calculation confirms the adsorption
of C2DTC on the substrate. The mode ν1 is assigned to the "thioureide band" on the partial double bond of
the C-N group connected to the dithiolate group. Only modes with a contribution of the dynamic dipole
moment parallel to the molecular C-N axis are observed in the film. The calculated modes ν¯1 and ν¯2 share
∂µ/∂rC-N = 0 and are not observed in the spectra. This indicates, that the adsorbed DTC molecules are
oriented in an upright geometry on the Au(111) surface. A clear assignment of the methyl stretching modes
in the region of 3000 cm−1 is hindered bz the insufficient incorporation of anharmonic effects.
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Mode Meas. freq. Harm. freq. Anharm. freq. Calc. int. Vibr. motion
[cm−1] [cm−1] [cm−1] [arb.u]
3151 2989 25.65 C-H stretch
3143 2989 9.96 C-H stretch
νC H1 2971 3127 2967 13.03 C-H stretch
" " 3123 2966 26.64 C-H stretch
" " 3116 2956 22.05 C-H stretch
3106 2944 5.58 C-H stretch
νC H2 2929 3073 2924 51.03 C-H stretch
νC H3 2879 3064 2909 5.93 C-H stretch
3055 2966 38.21 C-H stretch
3052 2951 12.99 C-H stretch
ν1 1481 1535 1481 101.72 C-N stretch, CH2 scissor
ν2 1457 1512 1461 16.47 C-N stretch, CH2 scissor
" " 1508 1460 9.21 C-N stretch, CH2 scissor
ν3 1450 1501 1450 14.57 C-N stretch, CH2 scissor
" " 1493 1441 24.90 C-N stretch, CH2 scissor
" " 1489 1440 23.51 C-N stretch, CH2 scissor
ν4 1414 1462 1412 128.24 C-N stretch, CH2 scissor
ν5 1377 1425 1379 30.54 C-N stretch, CH2 wag
1417 1372 9.74 C-N bend, CH2 wag
ν6 1352 1399 1354 49.36 C-N stretch, CH2 wag
" " 1381 1340 9.15 C-N bend, CH2 wag
ν¯1 1343 1300 43.29 C-N bend, CH2 rock
ν7 1266 1315 1276 93.63 C-N stretch, CH2 rock
ν¯2 1245 1205 72.32 C-N bend, CH2 rock
ν8 1137 1179 1143 21.32 C-N stretch, CS2 stretch
1116 1082 16.61 C-N bend, CH2 rock
ν9 1077 1113 1075 20.50 C-N bend, CH2 rock
1090 1058 8.32 CS2 stretch, CH2 rock
1052 1012 45.14 CS2 stretch, CH2 wag
1006 979 47.34 CS2 stretch, CH2 wag
937 910 3.29 CS2 wag, CH2 rock
911 877 62.85 CS2 stretch, CH2 wag
829 798 34.43 CS2 wag, CH2 wag
Table 8.2: IR-active fundamental modes of vibrations in diethyldithiocarbamate (C2DTC). Measured spectra
are taken from the SAM covered gold substrates while the calculated values are generated by DFT both
within the harmonic approximation and upon incorporation of anharmonic corrections. The reported
relative intensities do not account for the surface selection rules and order effects but for the total dynamic
dipole moment ∇rµ. A graphic representation of the designated fundamental modes is given in figure 11.1
in the appendix. However, the primary character of the vibration is already specified in the last column of
this table by the description of the essential motion. Stretching modes show a variation of the respective
bond length during the vibrational motion whereas bendings modes change the direction of the bond. For
rocking modes two atoms are moved in the same sense of rotation around a center while in wagging modes
the plane of the atoms is rotated. In scissoring modes the atoms are approaching each other.
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First, the fundamental IR-active modes are calculated from the relaxed geometry in a har-
monic approximation employing the same basis set and exchange-correlation functional.
Anharmonic corrections are accounted for in the calculations. Measured frequencies as well
as the fundamental modes in harmonic and anharmonic approximation are summarized in
table 8.2 and depicted in 8.11(b). A custom Lorentzian broadening of 4 cm−1 is applied for
the spectra. The relative IR absorption intensities of the calculated frequencies are given too,
although the direct comparison to the measured intensities suffers from two drawbacks. First,
the determination of the experimentally observed intensities suffers from data processing
and background subtraction. Second, the absorption intensity in thin films varies markedly
from the free molecule due to structural relaxation upon chemisorption, order effects and
selection rules. Yet, it can be seen from figure 8.11 that not only the frequencies show a clear
match but that also the relative intensities show a similar trend, especially in the main absorp-
tion range from 1000 cm−1 to 1500 cm−1 for C-C and C-N vibrations. At lower frequencies the
fundamental modes comprise a pronounced motion of the sulfur atoms and the C-S bond.
Due to the formed bond to the underlying Au atoms these absorption bands experience a
distinct broadening which renders it unfeasible to detect them in the monolayer regime.
However, several calculated fundamental modes are missing in the measured IR spectra at
higher frequencies. For instance the modes marked with ν¯1 = 1298cm−1 and ν¯2 = 1205cm−1
are not observed experimentally. This finding can be explained by the surface selection rule
and the alignment of the molecular orientation on top of the gold surface. When both sulfur
atoms of the DTC moiety bind to the surface Au atoms the molecular C-N axis stands upright
in the packed SAM. Thus, only vibrational modes with a dynamic dipole component parallel
to the C-N axis are aligned parallel to the surface normal and are excited by p-polarized light.
Here, the absence of modes with ∂µ/∂rC-N = 0 indicate, that the adsorbed molecules are
oriented in an upright direction on the substrate. To better visualize the vibrational modes,
the main displacement vectors are depicted in figure 11.1.
In the present case several of the fundamental molecular vibrations are localized on the C-N
group. Chatt and coworkers already addressed this vibration to the "thioureide bands" and
were able to describe the nature of the C-N bond [278]. They found that the frequency of
the fundamental mode at 1500 cm−1 is too high to be assigned to the methyl vibrations or
a C-N single bond (≈ 1150cm−1) but too low to be assigned to a C-N double bond as found
in imines (≈ 1650cm−1) [299]. This thioureide band is ascribed to an aromatic C-N bond,
with the C atom bound to a dithioate moiety which in turn is in a bound state to an adjacent
metal atom as depicted in the canonical form of figure 8.4 (a). Thioureides as such have a
(C-N=S) group in common with dithiocarbamates [300]. The proposed existence of a polar
C-N partial double bond is in good agreement with the calculated C-N bond length for the
neutral C2DTC molecule of ≈ 1.35Å.
In a more general discussion the wavenumber ν (in cm−1) of the C-N vibration can be rea-
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soned with the expression
ν= 1
2pic
√
f (mC +mN )
mC mN
= 1
2pic
√
f /µ (8.4)
found for the analogous case of a mechanical spring. Therein, mC denotes the mass of the
carbon atom, mN the mass of the nitrogen atom, hence µ the reduced mass, c the velocity
of light and f the force constant which corresponds to the stiffness of the spring. The force
constant scales approximately with the order of the bond. Of course this approximation
would only be valid for a single C-N vibration but does not consider the vibration of the
methyl groups. However, in the present case the motion of the light hydrogen atoms can be
neglected for the higher thioureide bands. For the topmost thioureide band at 1481 cm−1
a force constant of f = 4.5mDyne/Å is found which corresponds to the intermediate case
between the C-N single bond ( f = 2.6mDyne/Å in methylamine) and the C-N double bond
( f = 5.6mDyne/Å in methylimine) for the vibration localized on the C-N bond.
At higher frequencies the methyl C-H stretching modes between 2700cm−1 and 3100cm−1
depict a special situation. There, the match between the measured and calculated spectra
is not satisfactory. This conjuncture can be explained by the large susceptibility of the soft
C-H stretching modes to anharmonic effects which are covered only empirically within the
framework of our computations. Furthermore, the frequency of these vibrations is influenced
considerably by van-der-Waals interactions between the alkyl chains which are not consid-
ered in the calculations and cannot be predicted analytically in a closely packed monolayer.
FTIR - C2DTC SAM preparation series
Now that the absorption peak has been assigned spectra of additionally grown C2DTC
SAMs are investigated. In order to test the limits and reliability of the sample preparation
procedure the reactant concentration is varied. The 2:1 ratio between secondary amine and
CS2 is conveyed to avoid an excessive amount of reactive CS2 in the solution and to establish
a sufficiently alkaline environment. First, DTC SAMs are grown from a highly concentrated
solution with a reactant concentration of cDTC = cC S2 = 250mM. Then, another substrate is
given into a solution with a below standard concentration of cDTC = cC S2 = 12.5mM.
A comparison of the resulting FTIR spectra is depicted in figure 8.12 (a). The three spectra
show only minor differences which are more likely to arise from variations in measurement
conditions and data processing. However, the methyl vibrations between 2700cm−1 and
3100cm−1 deviate from the standard sample for the sample produced in a high DTC concen-
tration. This effect can possibly be attributed to a different ordering of the methyl chains or
additionally physisorbed DTC/Amine molecules (see figure 8.13).
A different ordering of the methyl chains would imply a variation in the packaging scheme of
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Figure 8.12:Measured FTIR spectra of diethyldithiocarbamate (C2DTC) SAM on Au for different preparation
parameters. Viewgraph a contains the spectra taken from SAMs which are processed at varied reactant
concentrations. No marked differences are observed except that for excessively high concentrations (10×
regular amount of reactants) the changes in the methyl vibration region indicate a slightly different ordering
of the methyl chains or additional physisorbed species. Still the C-N bending modes ν¯i are absent in the
spectra. A similar scenario is experienced for the SAM produced at different immersion times in viewgraph
b. The FTIR spectra reveal no significant difference between the samples. Hence, the production scheme
does not crucially depend on the tested process parameters.
the chemisorbed C2DTC molecules. The most probable packing motif which was proposed
by Morf et al. [225] is sketched in figure 8.13. In this trimer structure three C2DTC monomers
are ordered in a three-fold symmetry around a center position with the alkyl chains pointing
towards the adjacent monomer in a clockwise manner. The direction of the side chains corre-
sponds well to the calculated C-N-C’-C’ dihedral angle which is preserved in this structure.
The alignment of the ethyl-chains can be broken by gauge defects or variations in surface
coverage. Both effects can arise from hampered dynamics in the SAM formation process due
to the high amount of surfactant molecules [143].
In the case of additionally physisorbed DTC molecules which are not washed off in the rinsing
process, these molecules would lie on the topmost part of the molecule, which are the ethyl
chains. Hence, the C-H stretching modes would be affected. In addition, the physisorbed
molecules would contribute to the FTIR spectra. Since these molecules would lie in a dis-
ordered manner on top of the SAM, the strict upright orientation of all DTC species would
not exist any more. Hence, the C-N bending modes of the "thioureide bands" would become
visible. Since this is not observed, we can exclude this scenario.
This argument does not cover the adsorption of diethylamine molecules which did not react
with CS2. This can become feasible for instance if the saturation for one of the reactants in
the solvent (ethanol) is reached. The adsorbed amine would not only give rise to changes
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Figure 8.13: Packaging scheme of C2DTC monolayer on gold. The chiral trimer structure depicted in the top
view is proposed by Morf et al. [225]. Therein three C2DTC units are positioned in a 2
p
3×2p3R15◦surface
cell. In the sideview possible defects of the SAM are depicted. Depending on the domain size and the surface
roughness gauge defects can occur (left) in which the ordering of the methyl units changes significantly.
Even though being volatile unreacted diethylamine can remain on the surface (middle). Furthermore the
physisorption of additional DTC molecules can occur (right). Due to the clear absence of C-N bending modes
in the IR spectra, the latter case of multilayer film formation is excluded. The stoichiometry determined by
XPS excludes the second defect as well.
in the region of the C-H stretching modes but also disorder-broadened modes would occur
in the frequency regime between 1000cm−1 and 1500cm−1. Even though the spectra taken
from the SAM of the highly concentrated solution shows a higher intensity in this spectral
region the interpretation must be regarded with care. The observed intensity variation could
also be due to differences in the background substraction.
While the evidence for structural disorder or additionally physisorbed amine molecules on
top the SAM is weak, it is nevertheless concluded that high reactant concentrations are to be
avoided. Slight variations of the concentration down to a factor of (1/2) do not yield SAMs
with a considerably different IR signature. Hence, the production scheme is apparently invari-
ant to minor concentration fluctuations that occur during the processing of the chemicals.
148
8.2 Dithiocarbamate Monolayers on Gold
Another important factor which can influence the proper SAM formation is the immersion
time (ti m). Therefore, gold substrates are brought to a 25 mM DTC solution for a shorter (tim
= 3 h) and longer (tim+28 h) period of time. The FTIR spectra of the resulting DTC layers are
compared to the SAM produced in the standard procedure (tim = 14 h) in viewgraph 8.12
(b). No pronounced changes are found. Thus the reaction time and hence dosage does not
affect the DTC layer quality in terms of IR absorption. This is in contrast to reports for several
alkanethiol and benzenethiol SAMs [230].
As an alternative rinsing option sonification of the samples in anhydrous ethanol for 5 min
has been employed. However, the corresponding IR modes vanish which indicates that now
the whole top layer is washed off. Hence, the sonification approach has been abandonend.
In summary, a DTC growth routine was successfully tested for C2DTC in terms of a repro-
ducible reflection absorption infrared signature. The standard procedure (cDTC = 25mM,
ti m = 16h,3× rinsing) has been employed for all DTC SAM fabrication runs presented in this
chapter.
FTIR - Piperidinedithiocarbamate(pipDTC)
PipDTC SAM are grown employing the standard procedure. FTIR spectra are taken and
evaluated as for C2DTC. Figure 8.14 shows the measured and calculated spectra while the
most prominent modes are listed in table 8.3. Again the sharp absorption peaks in the mea-
sured spectra indicate that the formation of a selective surfactant adsorption has taken place.
The assignment of the modes is achieved by the DFT calculations. Two spectral regions of
interest are identified: The C-H stretching modes between 3000 cm−1 and 2800 cm−1 and the
motion of the molecular backbone between 1500 cm−1 and 1200 cm−1. The broadened C-S
bands below 1100 cm−1 cannot be measured with good precision.
A good agreement is found for the assignment of the methyl stretching modes. In contrast to
the case of C2DTC, where the orientation of the ethyl chains is relatively mobile, the methyl
units of the piperidine are stabilized in the ring structure. Thus, the modes νC H1, νC H2 and
νC H3 can be identified accurately. Their observation is indicative for an ordered pipDTC layer.
The shoulder at the low end of this energy range can either be explained by small deviations
in the ordering of the SAM, physi- and chemisorbed organic contaminants or simply a bad
background signal from the reference. Therefore and due to the low intensity, the feature
exhibits an inferior significance for the further analysis.
In the spectral region between 1500 cm−1 and 1200 cm−1 the absorption peaks are assigned to
the five most intense modes. The main unperturbed thioureide band is observed at 1478 cm−1
and hence extremely close to the value reported for the C2DTC SAM. As a main difference to
the C2DTC spectra hardly any fundamental mode includes a C-N bending motif. In fact the
absence of such a motion can be reasoned by the closed ring system. Thus the movement
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Figure 8.14: Measured (a) and simulated (b) FTIR spectra of piperidinedithiocarbamate (pipDTC). The
simulated spectra are taken from DFT frequency calculations which also account for anharmonic corrections.
In the range of 1000 cm−1 to 1500 cm−1 the fundamental modes of vibration of the S-C, C-C and C-N groups
are observed. A good match between experiment and simulation is achieved indicating a proper adsorption
of the molecular species on the surface. As for C2DTC the mode ν1 can be assigned to the "thioureide
band" on the partial double bond of the C-N group connected to the double sulfur group. Only one mode
in the respective spectral region is being calculated to lack a contribution of the dynamic dipole moment
parallel to the molecular C-N axis. Consequently this combined C-N stretch and ring breathing mode ν¯1
is absent in the spectra of the pipDTC layer. Therefore, an upright adsorption geometry of the surfactant
molecules is proposed. Yet, the measured noisy features around 1300 cm−1 and 1150 cm−1 cannot be
assigned unambigously to the calculated modes as the signal-to-noise ratio and the calculated relative
intensities are too low. The methyl stretching modes of the hardly mobile piperidine backbone are readily
observed in the region of 3000 cm−1.
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Mode Meas. freq. Harm. freq. Anharm. freq. Calc. int. Vibr. motion
[cm−1] [cm−1] [cm−1] [arb.u]
νC H1 3001 3156 3010 4.67 C-H stretch
" " 3139 2998 13.25 C-H stretch
νC H2 2920 3076 2929 75.43 C-H stretch
" " 3070 2924 28.48 C-H stretch
" " 3064 2929 56.88 C-H stretch
" " 3032 2926 23.93 C-H stretch
νC H3 2850 3031 2880 25.18 C-H stretch
" " 3014 2846 69.18 C-H stretch
" " 3009 2819 15.29 C-H stretch
" " 3008 2854 12.09 C-H stretch
ν1 1478 1525 1476 45.66 C-N stretch, CH2 scissor
1510 1436 10.43 C-N stretch, CH2 scissor
" " 1503 1462 14.88 C-N stretch, CH2 scissor
" " 1500 1469 7.73 CH2 scissor
" " 1490 1478 2.01 CH2 scissor
ν2 1429 1476 1432 271.21 C-N stretch, CH2 wag
1407 1381 8.30 CH2 wag
1392 1362 4.54 C-N stretch, CH2 wag
1390 1363 3.85 C-N stretch, CH2 wag
1385 1356 0.02 C-N bend, CH2 wag
1364 1337 0.41 CH2 wag
1319 1288 28.86 C-N bend, CH2 rock
1299 1275 19.66 C-N stretch, CH2 rock
ν3 1261 1280 1253 152.25 C-N stretch, CH2 rock
ν4 1229 1257 1226 91.21 C-N stretch, CH2 rock
1192 1167 2.47 C-N bend, CH2 rock
ν5 1132 1162 1138 31.10 C-N stretch, CH2 rock
ν¯1 1140 1115 42.17 C-N bend, pip breath
1083 1065 5.12 C-N bend, pip breath
1045 1028 17.95 CS2 stretch, pip breath
1034 1020 29.85 CS2 stretch, pip breath
996 976 53.78 CS2 stretch, pip breath
967 957 3.44 CH2 rock
930 918 42.16 CS2 stretch, pip wag
889 873 58.08 CS2 stretch, pip wag
864 854 9.23 pip deform
854 842 9.75 CS2 stretch, pip deform
813 807 1.00 pip deform
797 784 10.71 CS2 stretch, pip deform
Table 8.3: IR-active fundamental modes of vibrations in piperidinedithiocarbamate (pipDTC). Measured
spectra are taken from the SAM covered gold substrates while the calculated frequencies are generated by
DFT in the harmonic approximation with and without anharmonic corrections for the neutral molecule.
The relative intensities are taken from these calculations, too. The displacement patterns of the fundamental
modes (as in table 8.2) are depicted in figure 11.2(a) and are summarized in the last column. Breathing and
deformation modes involve a motion of the whole ring system.
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of the nitrogen atom perpendicular to the C-N axis would involve a stretching motion of
the bonds within the ring. These motions are mainly covered by the deformation modes
of the whole ring at much lower frequencies. Yet, the mode ν¯1 depicts such a situation.
Consequently, ∂µ/∂rC-N is close to zero and the mode is not observed in the spectrum for
an upright oriented monolayer. In this case the evidence is not as clear as C2DTC since the
mode already exhibits a very low IR intensity in the isolated molecule.
Remarkably, the overall background in the peak region is not as smooth as in the C2DTC
spectra. Two additional features around 1300 cm−1 and one at around 1150 cm−1 can be
identified. In principle the modes calculated to be at 1288 cm−1, 1275 cm−1 and 1167 cm−1
correspond to a IR signature in this region. Due to the low intensity and the noisy background
this assignment cannot be performed at absolute certainty.
In summary the formation of an upright oriented piperidinedithiocarbamate monolayer on
the Au surface is confirmed. In comparison to the IR spectra of C2DTC the worse background
signal indicates a slightly less ordered monolayer. In contrast to this finding the methyl signal
is stabilized as the coordination of the methyl units in the backbone does not offer as many
degrees of freedom as for the diethyldithiocarbamate SAM.
FTIR - Diphenyldithiocarbamate(phenDTC)
Also phenDTC SAMs are grown employing the standard procedure. The assignment of the
fundamental modes to the observed FTIR peaks is derived from the DFT frequency calcula-
tions. Measured and calculated spectra are shown in figure 8.15 with the observed vibrational
modes summarized in table 8.4. The overall intensity of the modes and hence signal to noise
ratio is relatively low, if compared to pipDTC or even C2DTC. Such a behavior was seen
before and is well expected due to the small dipole moments and hence small dynamic dipole
moments in aryl and acene compounds [301, 302].
Again the region between 1000 cm−1 and 1500 cm−1 is identified as the fingerprint region with
absorption peaks that originate from the molecular adsorbation. The measured positions of
the vibrational bands fits well to the calculated spectra. Beside the well known thioureide
band at ν1 = 1495 cm−1, one unique feature is observed in both, measured and calculated,
spectra at ν0 = 1593 cm−1. The vibration is assigned to a combination of the benzene "Kekule"
modes of vibration, which depict the stabilized ring deformation modes with the highest
frequency range, and a C-N stretching mode. The latter contribution to the fundamental
mode yields a distinct component on ∂µ/∂C-Nr as for the thioureide vibration. In contrast
to these clear assignments the low relative intensity of mode ν2 = 1455 cm−1 impedes quan-
tification. However, the modes ν3−ν6 with ∂µ/∂rC-N 6= 0 depict further evidence of at least
partially oriented molecules on the surface. This assumption is supported by the absence of
the ν¯1 = 1280 cm−1 C-N bending and phenyl breathing mode. This IR active band exhibits
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Figure 8.15: Measured (a) and simulated (b) FTIR spectra of diphenyldithiocarbamate (phenDTC). The
simulated spectra are taken from DFT frequency calculations with anharmonic corrections. In the range of
1000 cm−1 to 1500 cm−1 the fundamental modes of vibration of the S-C and C-N groups as well as of the
benzene rings are observed. The overall match between experiment and simulation indicates that surfactant
phenDTC molecules are present on the Au surface. As for C2DTC and pipDTC the mode ν1 can be assigned
to the "thioureide band" on the partial double bond of the C-N group. Furthermore a strong absorption
band is detected for this sample, which is not seen in the other DTC spectra. The mode at ν0 = 1593 cm−1 is
assigned to a coupled motion of a benzene "Kekule" and the C-N stretching mode and is therefore unique in
the investigated series of DTCs. The C-N bend and ring breathing mode ν¯1 is seen clearly in the simulation
but is absent in the spectra of the phenDTC layer. Thus, an upright adsorption geometry of the adsorbed
species is probable. Due to the background signal and the relatively flat lying phenyl rings, the methyl
stretching modes of the respective groups do not appear in the measured spectra at around 3000 cm−1.
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Mode Meas. freq. Harm. freq. Anharm. freq. Calc. int. Vibr. motion
[cm−1] [cm−1] [cm−1] [arb.u]
ν¯C H1 3199.7807 3063.627 2.4758 C-H stretch
" 3198.9947 3057.55 5.0782 C-H stretch
" 3195.5721 3073.616 16.1421 C-H stretch
" 3194.512 3058.014 7.8216 C-H stretch
" 3187.1708 3043.692 18.3432 C-H stretch
" 3186.0839 3040.008 37.1902 C-H stretch
" 3177.3546 3044.816 10.289 C-H stretch
" 3175.3777 3050.573 8.9971 C-H stretch
ν¯C H2 3167.7403 3001.256 0.2222 C-H stretch
" 3165.8261 2999.819 0.3039 C-H stretch
ν0 1593 1643.0222 1602.523 4.7 C-N bend, phen keku
" " 1637.2316 1596.891 18.4351 C-N stretch, phen keku
" " 1631.8306 1592.562 3.2275 C-N bend, phen keku
" " 1627.8033 1591.061 4.5036 C-N stretch, phen keku
ν1 1495 1529.8487 1503.291 26.5437 C-N bend, phen keku
" " 1526.6843 1496.429 52.3073 C-N stretch, phen keku
ν2 1455 1487.7043 1460.148 4.5393 C-N stretch, phen twist
" " 1486.8594 1457.237 4.1467 C-N stretch, phen twist
ν3 1324 1365.9432 1331.014 352.6605 C-N stretch, phen twist
" " 1356.5456 1325.31 7.0825 C-N bend, phen twist
" " 1349.388 1318.162 107.2328 C-N stretch, phen twist
1325.4465 1293.416 9.3735 C-N bend, phen keku
ν4 1282 1323.097 1293.692 49.8231 C-N stretch, phen keku
ν¯1 1280.4772 1246.743 85.6874 C-N bend, phen breath
ν5 1194 1206.3086 1187.921 2.1471 CS2 stretch, phen breath
1198.4532 1179.989 0.1926 C-N bend, phen breath
ν6 1172 1191.8764 1171.992 5.3285 CS2 stretch, phen breath
1186.525 1174.269 0.121 phen deform
1185.5499 1173.127 0.1052 phen deform
1103.8481 1081.719 14.063 C-N bend, phen deform
1101.965 1078.613 1.1717 C-N bend, phen deform
1069.1026 1048.6 100.652 CS2 stretch, phen breath
1048.3756 1030.939 4.6982 CS2 stretch, phen breath
1044.4382 1029.786 4.7952 CS2 stretch, phen breath
1020.7873 1007.908 2.6923 C-N bend, phen breath
1020.2498 1005.957 1.6168 C-N bend, phen breath
999.5071 989.637 0.0916 phen oop
994.359 983.334 0.0492 phen oop
974.6242 971.986 0.0067 phen oop
967.9882 968.283 0.0953 phen oop
951.7877 921.065 20.4093 CS2 stretch, phen oop
929.8347 919.851 3.0741 CS2 stretch, phen oop
918.4597 898.914 19.7573 CS2 stretch, phen oop
899.1008 881.474 34.6642 CS2 stretch, phen oop
846.3463 836.003 0.0226 phen oop
840.8386 831.36 0.7258 phen oop
806.8949 790.546 6.6226 CS2 stretch, phen oop
Table 8.4: IR-active fundamental modes of vibrations in diphenyldithiocarbamate(phenDTC). Measured
spectra are taken from the monolayer covered gold surfaces whereas calculated frequencies are determined
by DFT methods with and without anharmonic corrections for an isolated phenDTC molecule. Relative
intensities mark the isotropic transition probability of the isolated molecule. The displacement patterns of
the fundamental modes (as in tables 8.2 and 8.3) are depicted in figure 11.2(b) and are briefly summarized
in the last column. Kekule modes describe the specific deformation of the phenyl system with the carbon
atoms moving along the bond direction within the stabilized ring. Twisting modes describe a collective
bending of the ring carbon atoms against the adjacent hydrogen atoms. Out-of-plane modes (oop) denote
any motion of deformation with the hydrogen and carbon atoms leaving the phenyl plane.
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no component of the dipole moment derivative along the C-N axis. Thus, its absence in the
spectra would be in agreement with an upright oriented monolayer.
Yet, the measured and simulated spectra show a distinct inconsistency. At 1331 cm−1 and
1318 cm−1 very strong absorption bands are expected due to a principal stretching vibration
of the C-N axis. However, only an intermediate signal ν3 = 1324 cm−1 is detected in the
measured spectra. A possible explanation are pronounced intramolecular interactions in the
thin film. Possibly the vibration does not only exhibit the C-N stretching motion but also a
pronounced twisting motion on the phenyl rings. These vibrations on the phenyl ring (former
b2 symmetry) can be impeded substantially in the SAM as it was shown for different aryl and
acene SAM systems including benzenemercaptan [303] [304]. Hence, this deviation in the
relative intensity is considered to be non-critical with respect of the qualitative nature of this
analysis.
On the one side the investigation of the fingerprint region depicts first evidence of a well
oriented phenDTC SAM. On the other side additional information is available from the miss-
ing of methyl stretching modes. In phenDTC the respective frequencies are calculated to be
at slightly higher values compared to the previously investigated C2DTC and pipDTC. This
increase of around 50 cm−1 to νC H1 = 3060 cm−1 and νC H2 = 3000 cm−1 is expected due to
the different bond configuration of the CH compounds in aryl(sp2) and alkyl(sp3) systems.
Since the hydrogen atoms are in the plane of the phenyl rings in the fully relaxed aromatic
phenDTC compound, the C-H motion takes place in the same plane in which the rings are
oriented. For the assumption of a C-N axis being perpendicular and the rings lying almost flat
on the surface the dipole moment derivative is directed parallel to the sample surface. Hence,
no absorption peak is detected due to the surface selection rule. Again the measured spectra
support the proposed adsorption scenario. The latter findings are to be regarded with care,
though. Background fitting in the region of the C-H stretching modes suppresses the reliable
observation of peaks which are, for instance, significantly broadened by conformational
disorder.
8.2.1.4 SAM formation - XPS analysis
The XPS analysis of the DTC samples provides another important measure of the SAM qual-
ity. The measurements are performed at the Specs system with a 100 mm analyzer, a mul-
tichanneltron detector and the monochromated AlKα X-Ray source. The survey spectra
are recorded at a pass energy of Epass = 90eV, a resolution of ∆E = 1eV and a total inte-
gration time of tmeas = 20min within three cycles. The high resolution scans are taken at
Epass = 10eV, a resolution of ∆E = 0.1eV and an integration time depending on the elemental
species (tmeas(C1s) = 60min, tmeas(N1s) = 60min, tmeas(S2p) = 60min, tmeas(O1s) = 60min and
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Figure 8.16: XPS spectra of a C2DTC SAM on Au. The survey spectra (a) clearly shows the existence of
carbon, sulfur and nitrogen beside the dominating gold features. Only a very small XPS signal of oxygen is
observed. It can still be quantified in the high resolution scan of the O1s region around 532.4 eV (b) but is
not traceable in the survey. Hence, the plots show that no major contaminations are present on the surface.
This includes the absence of metallic impurities in the evaporated gold films, contaminations with further
elemental contributions in the ethanolic DTC solution as well as surface contaminations from the ambient
atmosphere usually containing oxygen atoms.
tmeas(Au4f) = 15min). All spectral offsets (e.g. due to charging effects as a result of a bad
electric contact) are renormalized by setting the Au4f level to 84 eV. However, no offset larger
than 0.2 eV and thus no charging effect is measured for any of the investigated samples.
XPS - diethyldithiocarbamate (C2DTC)
To start with, the survey spectra of the C2DTC SAM, depicted in figure 8.16 (a), gives an
impression on the elemental composition of the surface. Beside the peaks of the 4th and
5th shell electrons of gold only sulfur, carbon and nitrogen can be detected. The oxygen 1s
region is indicated with a respective red labeling but does not exhibit any signal above the
noise level. Furthermore the corresponding threefold Auger peak at 978 eV is absent in the
recorded curve. In summary the sample can be regarded to be free of distinct impurities,
contaminations and undesired byproducts from this analysis with an accuracy slightly below
1 %. Thus the following generally possible sources of errors in the DTC growth process can be
ruled out of the SAM production process:
• During the evaporation of the gold films, impurities can be incorporated into the layer
due to cross-contaminated evaporation sources or vacuum vessels.
• Contaminations of the chemicals employed or insufficiently cleaned laboratory equip-
ment can lead to the adsorption of these species on the gold substrates.
• When brought to ambient atmospheric conditions or stored in the inert gas atmosphere
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Figure 8.17: XPS high resolution spectra of a C2DTC SAM on Au. Full stoichiometric information on the
surface composition is extracted from the data. Thereby the presence of C2DTC molecules is confirmed with
respect to the molecular formula (see table 8.5). Further information on the chemical bonds is contained in
the spectra. The C1s spectra in (a) reveals the presence of minimal amounts of oxidized carbon at ≈ 289 eV
binding energy and a large component of neutral carbon from the DTC molecule at 285.7 eV. The sulfur 2p
curve in (b) shows the exclusive presence of sulfur species in Au-S bond coordination (EB = 162eV but no
elementally neutral and oxidized components. For the Au4f7/2 signal in (c) the main peak intensity is fitted
by neutral Au at 84 eV. A small signal of significantly broadened peaks at slightly lower binding energies (EB
= 84.4 eV) originates from the topmost Au gold layers. The N1s level in viewgraph (d) corresponds well to
the proposed aromatic bond between nitrogen and carbon.
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Carbon Sulfur Nitrogen Oxygen
C2DTC (measured) 65.6 % 25.1 % 8.3 % ≤ 1 %
C2DTC (formula) 62.5 % 25.0 % 12.5 % -
Table 8.5: Stoichiometry of diethyldithiocarbamate derived from the intensities of the XPS scans (Epass =
10eV). The experimentally determined sample composition matches the molecular formula of C2DTC.
Minor deviations which are observed for the amount of nitrogen are assigned to the weak N1s signal.
Oxygen impurities - presumably from physisorbed hydrocarbons - depict only small perturbations to the
overall SAM composition. The slightly increased amount of carbon is possibly also related to these small
contaminations
for a longer period of time, additional compounds (dust, fatty acids, hydrocarbons,
etc.) can physisorb on top of the DTC covered substrates.
All the described cases of contamination form a serious obstacle for the reliable subsequent
determination of the valence band spectra by UPS. Yet, the last case - additionally adsorbed
molecules and particles - cannot ultimately be excluded as the main constituents usually
are carbon and hydrogen but also oxygen. Therefore, a detailed scan of the O1s region is
presented in figure 8.16 (b). Indeed minimal traces of a signal can be detected indicating that
a small amount of oxygen is present on the surface. For a further evaluation of this finding
high resolution scans on the other detected elements are discussed with respect to a full
quantification.
Once the number and type of contributing species has been determined for the sample
from the survey scan, a detailed investigation of the stoichiometry from the elemental scans
is conducted. This analysis provides rich information on the SAM quality since for a well
grown layer the measured elemental contributions in the spectra are found according to the
molecular formula of the isolated species. The relative amount cX of an element X is simply
computed by
cX = IX ·ξX ·TX∑
i Ii ·ξi ·Ti
(8.5)
where I denote the measured intensities, ξ the relative sensitivity factors of the atomic orbitals
and T the transmission in the respective spectral range. The sum in the denominator includes
one atomic orbital of each elemental species with exception of the substrate material which
provides the main background in the spectra.
For the actual DTC layer the employed elemental region scans are C1s, S2p, N1s and - for a
later use - Au4f which are depicted in 8.17. The resulting sample stoichiometry is listed in
table 8.5. The experimentally determined values match the molecular formula of C2DTC
well.
Additional information can be extracted from the measured curves. Beginning with the C1s
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Figure 8.18: Mulliken charge population analysis of the investigated dithiocarbamates. Basis of the analysis
are the relaxed geometries from the calculations employing the B3LYP functional and 6-311+G(d) basis set.
Sulfur is depicted in red, nitrogen in blue, carbon in gray and hydrogen in light gray, while the Mulliken
charge is labeled on the respective atom. All charges on the hydrogen atoms are summed into the adjacent
heavy atoms (Z ≥ 2). As an important result the charge contribution on the carbon atoms is nearly equalized
in the C2DTC and pipDTC compounds explaining the absence of additional inherent peaks in the C1s XPS
spectra of these molecules. The variation in the Mulliken charges on the phenDTC can be reasoned by the
insufficient coverage of the delocalized pi-electrons in the phenyl ring for this method.
region, the main peak at 285.7 eV originates from carbon in a relatively neutral coordination
(e.g. C-C, C-H). Carbon bound to sulfur or nitrogen carries a partial positive charge but
has its C1s level still at slightly above 286 eV which cannot be differentiated from the main
peak region at the given peak broadening and resolution. More interestingly a small feature
arises at a binding energy of ≈ 289 eV. This C1s peak component can either be assigned
to a carbon-oxygen moiety from impurities or an effect of an intrinsic charge relocation
in the dithiocarbamate molecule. If the latter case was true, the most probably affected
carbon atom would be the central carbon in the NCSS group. However, it is doubted that
the twitter ionic character - as proposed in the canonical forms (see fig. 8.4) - of the DTC
implies such a pronounced charge withdrawal from the carbon atoms. A good approximation
of the charge distribution is extracted from the Mulliken populations of the single molecule
DFT calculations [305]. Since the light hydrogen atoms are covalently and tightly bound to
the carbon atoms the charge on the hydrogen atoms is summed into the adjacent atoms
to achieve the correct charge on the atomic carbon centers. Otherwise the negative charge
on the carbon would be unrealistically high (≈−0.5eV) which is not experienced for regular
covalent C-H bonds in hydrocarbons [306] [307]. It must be noticed, that the charge on the
sulfur atoms is not well approximated with this method. Since the relaxed static molecule
represents one mesomeric form of the DTC with the hydrogen closer to one sulfur atom, the
charge of the thiolate hydrogen atom is localized on this adjacent sulfur end. In contrary
the hydrogen atom is more mobile and in fact delocalized in the CSSH group as it is the
case for carboxylic acids (COOH)[168]. In summary, the population analysis shown in figure
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8.18 reveals that no distinct charging effects are expected on the carbon atoms. As a general
remark, the Mulliken population analysis tends to overestimate charge relocation in covalent
bonds. Nevertheless it depicts a meaningful - but somewhat rough - estimate of the real
charge distribution in organic compounds. Hence the peak observed at 289 eV is assigned
to a minimal amount of organic contaminants on the surface and fits well to the previously
recorded O1s intensity at 531.2 eV [306].
The analysis of the S2p level is one of the most important steps for the verification of a proper
SAM formation. In the following only the energetic position of the S2p3/2 is referenced since
the spacing of the characteristic doublet (S2p3/2 and S2p3/2) is constant with a difference
in binding energy of ∆ES2p = 1.15eV [306]. Nonetheless, the S2p1/2 peak is being fit in the
analysis routine with the constraints of the aforementioned constant energy difference, a
constant intensity ratio of IS2p3/2 /IS2p1/2 = 1.96 and the same peak width as for the S2p3/2-
peak. In the XPS spectra the sole component of the S2p peak is found at a binding energy of
161.8 eV which corresponds to sulfur atoms coordinated in Au-S bonds [218] [238]. No peaks
are detected at higher binding energies. Thus neither unbound sulfur (EB = 163.5eV) nor
oxidized sulfur (EB = 167eV) is present in the C2DTC layer on Au [239]. Unbound sulfur would
have indicated a loosely hanging sulfur end of the DTC molecule or additional physisorbed
species while oxidation usually indicate a significantly hampered SAM growth yielding a low
quality and reproducibility of the monolayers. All three disadvantageous scenarios are hence
excluded due to the observed S2p signal.
The N1s signal is measured with the least ideal signal-to-noise ratio (except for the O1s) for
two reasons. First, there is only one nitrogen atom in each DTC molecule - less than of any
other component. Even the relative sensitivity factor of the N1s signal of 1.8, which is slightly
higher than for the C1s (RSF 1) and S2p (RSF 1.68) level, does not overcompensate this effect.
Second, the N1s level is situated on the shoulder of the dominant Au4d peaks. A proper
background subtraction beyond the correction of the Au4d slope, e.g. the consideration of
a Shirley background, is not feasible. Anyway, the N1s peak is observed at a binding energy
of EB = 399.7eV which denotes nitrogen in a C-N bond. More precisely the binding energy
fits more to a nitrogen bonded to carbon with sp2-hybridization (EB = 400eV) and less to
nitrogen connected to carbon in sp3-hybridization (EB = 398.3eV) [308] [309]. This finding
supports the assumption of the aromatic C-N bond in the DTC moiety which determines
the state of polarization on the nitrogen atom. The influence of the remaining C-N single
bonds in the amine leaves the charge on the nitrogen invariant and are neglected. In fact the
binding energy matches the polarization state of nitrogen in the fully aromatic pyridine very
well [310].
The Au4f doublet does not show any specific irregularities and is fixed to 84 eV for the Auf47/2
component. Thereby it serves as a reference to correct for possible energy offsets in the
measured spectra as described above.
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Eventually the surface coverage χ of the C2DTC SAM is determined from the intensity ratio of
the Au4f to S2p peaks weighted by the respective relative sensitivity factors according to the
relation that Schreiber found for decanethiol,
χAu/S = 1
K
IS2p3/2 ·RSF (Au4 f 7/2)
I Au4 f 7/2 ·RSF (S2p3/2)
, (8.6)
with the system-related constant K = 0.05. A surface coverage of χAu/S = 1 corresponds to a
densely packed SAM of decanethiol in the
p
3×3 packing motif which is 4.5×1014 molecules/cm−2
[137]. Noticeably, the value of χAu/S represents the sulfur density on the surface and not the
molecular density. As for the DTBA in the previous chapter χAu/S needs to be divided by a
factor of 2 in order to represent the molecular surface coverage χDTC = 1/2χAu/S in the case
of DTC molecules. The resulting surface coverage amounts to
χAu/S(C2DTC) = 1.1 ∧= 4.9×1014 sulfur atoms/cm−2, (8.7)
χC2DTC = 0.55 ∧= 2.45×1014 molecules/cm−2. (8.8)
Thus, the sulfur density is slightly higher compared to a decanethiol film whereas the molecu-
lar density is only half as large. These values correspond well to the theoretically proposed
structure from Morf et al. [225] presented earlier in the section on the FTIR results in figure
11.1.
In summary the XPS analysis confirms the growth of a densely packed and pristine di-
ethyldithiocarbamate monolayer on the gold surfaces. This finding is complementary to the
FTIR results, which indicated a well oriented and ordered C2DTC layer.
XPS - Piperidinedithiocarbamate (pipDTC)
In the case of piperidinedithiocarbamate SAMs on gold the XPS data give a similar picture
as for C2DTC. The survey reveals the absences of impurities. Again the high resolution scan
of the O1s region yields an oxygen content at the detection limit.
The stoichiometry of the film is determined from the high resolution spectra in the C1s, N1s
and S2p region. As depicted in table 8.6 no significant deviation from the molecular formula
is seen with the exception of the low amount of nitrogen owing to the signal quality on the
Au4d shoulder. Furthermore, the slightly too large content of carbon can be reasoned with
the position of the carbon in the SAM. For a properly oriented SAM the carbon atoms in the
piperdine moiety are located at the top of the monolayer.
The detailed description of the peak positions in the high-resolution scans follow the
explanation of C2DTC. Beside the C-C and C-H coordinated carbon species which produce
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Figure 8.19:XPS spectra of a pipDTC SAM on gold. The survey spectra (a) provides evidence for the presence
of carbon, sulfur, nitrogen and gold. Comparable to the case of C2DTC no contribution of oxygen to the
spectra is seen. Though, in the high resolution scan between 525 eV and 540 eV binding energy (b) a
negligibly small amount of oxygen is observed from the O1s level. Thus, no contamination is observed for
the produced samples.
Carbon Sulfur Nitrogen Oxygen
pipDTC (measured) 69.9 % 21.6 % 7.8 % ≤ 1 %
pipDTC (formula) 66.7 % 22.2 % 11.1 % -
Table 8.6: Stoichiometry of piperidinedithiocarbamate taken from the peak intensities of the high resolution
XPS scans. The sample composition is in good agreement with the molecular formula of pipDTC. Minor
deviations which are observed for the amount of nitrogen are addressed to the weak N1s signal. Analogously
to the case C2DTC, oxygen impurities are assigned to physisorbed hydrocarbons which are observed
at the detection limit, though. Also, the slightly increased amount of carbon is related to these minor
contaminations and the fact that the main carbon content is found in the top layer of the SAM.
a signal at 285.6 eV an additional small shoulder at around 288.7 eV can be observed. Since
the charge distribution on the carbon atoms in the pipDTC molecule matches the one in the
C2DTC compound, the additional peak is not assigned to differently charged carbon moieties
in the DTC but to impurities related to the traced oxygen and thus negligible hydrocarbon
contamination from the ambient.
Analogously, the evaluation of the S2p doublet reveals that only sulfur in Au-S bonds is
present in the SAM with the S2p3/2 level at 161.5 eV. In particular it can be excluded that the
observed oxygen is bond to the sulfur atoms in the DTC anchoring group. The N1s and Au4f
levels do not reveal any irregularities, too. While the position of the nitrogen level at 399.7 eV
corresponds to nitrogen which is bound to pi-conjugated carbon atom, the gold level is found
to be invariant at 84 eV.
The surface coverage is gained from the sulfur to gold ratio and the relation to a fully covered
decanethiol SAM found by Schreiber [137]. Like in the case of C2DTC the area density of
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Figure 8.20: XPS high resolution spectra of a pipDTC SAM on gold. The peak area ratios are employed to
derive the stoichiometry of the film (see table 8.6. The chemical dependencies of the single species are
comparable to those in C2DTC SAMs. The C1s spectra in (a) exhibit negligible amounts of oxidized carbon
at ≈ 288.7 eV binding energy and a large component of neutral carbon from the piperidine ring and the
dithioate carbon at 285.6 eV. The sulfur 2p peak in (b) characteristic sulfur in an Au-S bond coordination
(EB = 162eV but again no elementally neutral or oxidized components. The Au4f signal in (c) does not
exhibit any irregularities and is employed as the reference energy level at 84 eV binding energy for Au4f7/2.
The N1s level at 399.6 eV in viewgraph (d) corresponds to nitrogen which binds to sp2 and sp3 hybridized
carbon.
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Figure 8.21: XPS spectra of a phenDTC SAM on gold. The survey spectra in (a) does not only reveal the
existence of carbon, sulfur, nitrogen and gold but also a distinct contribution of oxygen. The O1s peak is
observed and quantified in the high resolution scan (b). The binding energy of 532.6 eV matches well to
oxygen which is coordinated in C-O bonds. Thus it is reasoned that the SAM covered surfaces are subject to
adsorption of hydrocarbons from the ambient atmosphere.
pipDTC molecules on the gold surface is high and yields a coverage of
χAuS(pi pDTC ) = 1.14 ∧= 5.1×1014 sulfur atoms/cm−2, (8.9)
χpipDTC = 0.55 ∧= 2.55×1014 molecules/cm−2. (8.10)
The margin of error for this method is in the range of 15 %, though.
In summary the existence of a densely packed pristine monolayer of piperidinedithiocar-
bamate is confirmed by XPS. This evidence further supports the evidence from the FTIR
experiments.
XPS - Diphenyldithiocarbamate(phenDTC)
The XPS data of diphenyldithiocarbamate in figure 8.21 differ from the two preceding cases.
In the survey spectra the presence of oxygen becomes apparent already. A closer look on the
high resolution scan of the O1s region around 530 eV binding energy reveals that a significant
amount of oxygen is found in the layer. Together with the high resolution scans of carbon,
sulfur and nitrogen a total oxygen content of 6.9 % is derived. The binding energy is centered
at 532.4 eV, a value typical for oxygen in hydroxide and single bond carbon oxide [306]. Thus
it is assumed that hydrocarbons from the ambient are present on part of the samples. These
can either lie on top of a phenDTC SAM or in domains, where no DTC SAM formation has
taken place.
Furthermore, the analysis of the C1s level proves to be complex. Beside the features found in
C2DTC and pipDTC, i.e. carbon in C-C and C-H bonds at 285.6 eV as well as carbon in C-O
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Figure 8.22: XPS high resolution spectra of a phenDTC SAM on gold. The stoichiometric data from the
peak intensities is summarized in table 8.7. Beside the significant amount of excess sulfur further evidence
of improper film formation is found in the spectra. However, the Au4f spectra in (c) does not show any
deviations is characteristic for a clean substrate. The C1s spectra in (a) reveal the presence of observable
amounts of oxidized carbon at ≈ 288 eV binding energy and an obvious splitting of the regular C-C and C-H
coordinated peak. Beside the pi-conjugated component at 284.6 eV binding energy, a further component at
285.7 eV gives evidence for additionally adsorbed species or reacted carbon in the phenyl rings. The sulfur
2p signal in (b) shows another important contribution. The main part of the peak is assigned to sulfur atoms
in Au-S bond coordination (EB = 162eV. Yet, a noticeable contribution of hydrogen terminated sulfur at
EB = 163.5eV is observed. However, no oxidized species are seen in the spectra. As for C2DTC and pipDTC
the very weak N1s signal in (d) stands for nitrogen linked to pi-conjugated carbon.
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bonds at EB ≈ 288 eV, another component at EB = 284.6 eV is observed. This indeed denotes
the position of carbon in sp2 hybridization as it is found for aromatic hydrocarbons and
graphite [236]. Still, the occurrence of the peak component at the higher binding energy of
285.6 eV requires further reasoning, since in a regular phenDTC film no carbon atom without
pi-conjugation should be present. Several possible explanations can be listed for this finding
• An unequal charge distribution in the phenyl rings due to the proximity of the nitrogen
moiety
• Additional adsorbed hydrocarbons on top, underneath or adjacent to the SAM
• Fragmented diphenyldithiocarbamates which are inclined in the SAM
The first case makes a valid point, which is already indicated by the mulliken analysis in figure
8.18. In contrast to the case of C2DTC and pipDTC the charge population shows strong varia-
tions along the phenyl ring. Even though no clear pattern for the charge allocation is found
in this crude approximation, different authors report that the photoemission signal in aniline
as well as other electrophilic substituted benzene rings shows multiple peak components
[311, 312]. In particular not only the carbon in the ipso-position carries a different charge, but
the charge distribution in the whole ring system deteriorates from the symmetric case. This
assumption is supported by the fact that in aniline1 different proton affinities are found for
the carbon atoms in the phenyl ring [313]. This means that the carbon atoms are chemically
inequivalent and exhibit different XPS signatures.
Since additional carbon atoms are seen, which are coordinated in oxygen bonds found on
the surface, the presence of additional organic compounds cannot be excluded. Hence,
part of the peak components can be addressed to additionally adsorbed hydrocarbons from
contaminations.
However, the third case, that is the presence of fragmented diphenylamine, seems unlikely.
Beside the breaking of the strong phenyl-nitrogen bond a dearomatization of the phenyl
system could be envisioned. Yet, such a reaction requires a lot of excess energy in order to
overcome the resonance stabilization and is usually expected only in the presence of reactive
metal catalysts or by photo-oxidation [314].
In summary an exact quantification of possible adsorbed contaminants and contributions
from different coordinated carbon atoms is obscured by the two mutually superimposing
processes.
For the S2p signal the situation is simpler. A total of two doublets is fitted to the peak, one
with the S2p3/2 level at EB = 161.5 eV and the other S’2p3/2 level at E ′B = 163.3 eV. Thereby,
the latter doublet superposes on the S2p1/2 signal which is centered at EB = 162.7 eV. These
1Trivial name for phenylamine
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Carbon Sulfur Nitrogen Oxygen
phenDTC (measured) 66.5 % 20.6 % 6.0 % 6.9 %
phenDTC (formula) 81.3 % 12.5 % 6.2 % -
Table 8.7: Stoichiometry of diphenyldithiocarbamate generated from the peak intensities of the high resolu-
tion XPS spectra. In contrast to the measurements of C2DTC and pipDTC no agreement with the theoretical
expectation is achieved. A considerable amount of excess sulfur is assigned to unreacted carbondisulfide
which is further supported by the detection of unbound sulfur at slightly higher binding energies. In ad-
dition, a significant oxygen content is seen in the spectra, which is addressed to further hydrocarbons or
hydroxyl-groups from the ambient which are bound to the pi-conjugated system of the phenyl rings.
circumstances reduce the reliability of the peak intensities. The presence of the second
doublet implies that unbound thiolate species are residing on the surface. Ibers summarized
the possible bond schemes of carbon disulfide on transition metals [315]. The preferred bond
formation involves one sulfur atom being attached to the gold surface, while the other sulfur
atom is pointing away from the interface. Thereby the original valence of the carbondisul-
fide is replaced by single bonds between the sulfur and carbon atoms resulting in a thiolate
terminated surface group. Since the large diphenyl backbone of phenDTC impedes a dense
packing motif, the adsorption of carbon disulfide between the phenDTC molecules can be
envisioned. In a physical gold surface, kink sites, steps, SAM domain boundaries and gauge
defects in the SAM increase the number of possible CS2 adsorption sites. In total the amount
of unbound sulfur accounts only to 8±2 % of the overall sulfur content. In addition, oxidized
sulfur is excluded as no peak at 167 eV binding energy is detected.
The N1s level shows a noisy peak at 399.2 eV binding energy. In contrast to the N1s signal in
C2DTC and pipDTC the level is shifted towards a lower binding energy by ≈ 0.5 eV. This effect
is due to the slightly different surrounding of the nitrogen atom. While in the first two sce-
narios the nitrogen atom is bound to one carbon in a pi conjugated complex and two carbon
atoms in alkyl groups, the nitrogen atom is connected to three carbon atoms in pi-conjugated
configurations for phenDTC. This minor change in the chemical environment yields the small
shift in binding energy; either due to charge reorganization, which is not reliably found in the
Mulliken analysis, or due to changes in relaxation energies in the photoexcitation process.
The Au4f level on the other side does not show any deviations from the curves measured
for the other DTC compounds. Again, the Au4f7/2 peak at a binding energy of 84 eV is the
reference point for the calibration of the energy axis.
The stoichiometric analysis presented in table 8.7 shows an even more dramatic picture
of the hampered SAM formation. The carbon content is significantly to low. Especially
when considering that the carbon is concentrated in the top layer of the adsorbed SAM.
Furthermore, the sulfur content is too high by far. Hence a lot of non-reacted carbon disulfide
must be present on the surface. Due to the complex fitting procedure of the sulfur signal
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Figure 8.23: Proposed scenario of improper SAM formation for phenDTC on gold. Additional hydrocarbons
from the ambient containing hydroxy groups or plain water molecules are adsorbed on top of the film. A
high sulfur density is obtained, but the high sulfur to carbon ratio provides evidence for the adsorption of
unreacted CS2. This can be present in various bond schemes. Several of which give rise to thiolate sulfur as
inclination in the film as confirmed in the XPS peak position. However, the existence of oxidized sulfur is
excluded from the missing XPS signature at high S2p binding energies.
the ratio of unreacted and bound sulfur is only of qualitative nature. Still the information is
sufficient to claim, that a proper SAM formation did not take place. Moreover the significant
presence of oxygen marks another uncertainty for the description of the SAM system.
Hence, the surface coverage must be regarded with care. In the plain sulfur to gold ratio no
distinct differentiation between sulfur owing to a DTC molecule and sulfur from unreacted
CS2 is made. Thus the high values only express that the whole gold surface is covered with
sulfur at a high density. Hence the faulty stoichiometry no closed SAM is expected. Still the
sulfur density is higher than for a comparable closely packed decanethiol SAM as a coverage
of
χAuS = 1.12 ∧= 5.0×1014 sulfur atoms/cm−2, (8.11)
is measured.
Thus a final picture of the improper SAM formation in phenDTC can be drawn. The most
probable scenarios are visualized in figure 8.23. In contrast to the pristine SAM formation in
diethyldithiocarbamate and piperidinedithiocarbamate the diphenyldithiocarbamate SAM
suffers from several drawbacks. A significant contribution of unreacted carbondisulfide is
found between the anchored molecules. Moreover additional adsorbed hydrocarbons from
the ambient are present. The latter fact can be reasoned by the higher affinity of the aromatic
system to attract molecules from the ambient. Additional hydrocarbons would stick less to
an alkyl or cycloalkyl surface than to a phenyl terminated surface. This happens like for to
stack prioritizing in polycyclic aromatic hydrocarbons [95]. Such a behavior for surfactant
molecules was proven by surface free energy measurements on functionalized surfaces by
Effertz et al. [123]. The XPS results presented match the findings of the FTIR measurements
168
8.2 Dithiocarbamate Monolayers on Gold
which already indicated an inferior film growth.
8.2.2 Energy Level Alignment of Dithiocarbamates SAM on Gold
Finally, the ultraviolet photoemission spectra are recorded and discussed. As for the XPS
spectra the measurements are conducted in the ORPHEUS system but with the UV excitation
source providing He I radiation at an excitation energy of Eex = 21.22eV. A low pass energy
of Epass = 8eV yields an energy resolution of ∆E ≈ 200meV. The total integration time is set
to tmeas = 30min over four measurement cycles in order to achieve a reasonable S/N ratio.
Furthermore, a constant bias of Ubias = 5.15V is applied to the sample in order to accelerate
the low energy secondary electron emission at the ionization threshold above the detector
work function. For all measurements the zero-point energy is set to the Fermi level which is
visible in all spectra. In addition, a sputter-cleaned gold sample is measured as a reference
for the Fermi level alignment and spectrometer test.
The gold spectrum in figure 8.24 (a) corresponds well to the curves found in literature for
polycrystalline Au as well as to the spectra recorded at the Kratos system [169]. The work
function is determined to be 5.2 eV which again is the value reported in the literature [169].
Hence, a proper functionality of the system is guaranteed.
First, the UPS spectrum of C2DTC is depicted in viewgraph 8.24 (b). The relatively sharp
d-band features of the gold substrate can still be observed at 2.6 eV, 4.4 eV and 6.2 eV. Such
a behavior is typical for a negligible interaction between the molecular orbitals and the oc-
cupied d orbitals for a low hybridization tendency [151]. Thus the case is similar as for the
previously investigated molecules benzylmercaptan and dithiobenzoic acid, with the excep-
tion that fewer molecular orbitals are present in the low binding energy regime. Therefore
the underlying Au5d levels become more distinguishable. However, a superposition of these
d-bands with the frontier occupied molecular orbitals can be envisioned. Indeed, a small
but rather broad peak is found at a binding energy of 1.3 eV. This peak is identified as the
onset of the HOMO, a sulfur lone pair orbital. At this point in time the assignment of the MOs
in the spectrum is pursued by a simple superposition. The calculated MOs from the DFT
computations on the isolated molecule are taken as Koopmans ionization energies in the
spectra. The first visible feature - in this case the previously described peak at EHOMO,meas =
1.3 eV - close to the Fermi edge EF is identified as the HOMO EHOMO,calc = 5.8 eV. All energy
eigenvalues are shifted by this difference
∆EMO = EHOMO,calc−EHOMO,meas = 4.5eV (8.12)
The rigid shift accounts for the change in the vacuum level upon the transition from the
isolated molecule to the condensed phase as well as for the work function of the spectrometer.
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Figure 8.24: UPS spectra of bare Au (a) and dithiocarbamate monolayers on Au (b – d). The most distinct d-
band features of the gold surface are still visible in the DTC spectra at 2.6 eV, 4.4 eV and 6.2 eV. The remaining
peaks originate from molecular orbitals. For a quick comparison the MO values generated from the DFT
calculations of the isolated molecules are plotted in the viewgraph. A constant offset of the MO energies
is applied to account for the vacuum level alignment in the condensed phase and the spectrometer work
function. Even though only a rough estimate of the energetic position of the orbitals is achieved the clear
peak structures indicate the presence of ordered SAMs in the case of C2DTC and pipDTC.
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It shall be mentioned that the original molecular orbitals energies are referred to an arbitrary
vacuum level when compared to molecules in the solid state. Thus the alignment at the
HOMO is justified. In this way, the HOMO-1 is supposedly included in the high binding
energy shoulder of the HOMO, while the HOMO-2 is not observed clearly in the spectra.
The onset of the molecular σ-bonds is found at a binding energy of 5.5 eV in the spectra
but is obscured by the d-band feature of the underlying gold. In the σ-bond region from
5.5 eV to 11 eV clear features are observed which imply a high degree of order in the SAM.
For a poorly ordered SAM the configuration of the σ-system would vary across the 2 mm
measurement spot and yield a less accentuated UPS spectrum. However the match between
the orbital features and the calculated orbitals still require further optimization. Apparently
the alignment of the HOMO to the first peak yields an incorrect position of the subsequently
followingσ orbitals. The offset between the measuredσ-state distribution from the calculated
and aligned orbitals amounts roughly to
∆E = 0.6eV. (8.13)
By a correction of the MO energies by this amount, the match of the peak features in the
spectra to accumulation points of σ-states is improved. These marks are visualized in the
viewgraph by the dashed lines.
Since the assignment of the orbitals is far from being satisfactory in this first approximation,
a detailed discussion on more sophisticated simulations of the whole slab system will follow
in the next subsection. As for now, the pronounced features in the UPS spectrum serve as
further evidence for the successful growth of the DTC monolayer. The adsorption of a dipole
layer is further supported by the very low work function of ΦC2DTC = 3.2eV which will be
discussed and explained later.
Viewgraph 8.24 (c) shows the UPS spectrum of pipDTC. The spectra resembles one found
for C2DTC on gold. Remarkably, the region at the Fermi edge and the low binding energies
below the onset of theσ orbitals show exactly the same features. Thus the sulfur lone pair and
pi-states are the same for both molecules. This result is in line with the quantum chemical
calculations as shown by the inserted MO positions. Hence the difference in the molecular
structure does not affect the frontier molecular orbitals. Again the HOMO is assigned to
the first peak located at a binding energy of 1.3 eV which determines the same shift of the
molecular orbital energies by ∆EMO = 4.5 eV. However this value is again incorrect for the
majority of the states, leading to deviations of 0.6 eV for the σ orbitals.
Analogous to the case of C2DTC the gold work function is lowered by 1.9 eV upon surface
treatment with pipDTC and corresponds to 3.3 eV
The UPS spectrum of phenDTC is depicted in figure 8.24 (d). Again, the HOMO level is found
at 1.3 eV. However the features are not as sharp as forf C2DTC and pipDTC SAM. Starting with
the region between Fermi edge and 5.5 eV binding energy the features are slightly broadened
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with respect to the valence band structure found for the other DTC SAMs. This is partly due
to the existence of further pi-states which are delocalized over the whole phenDTC molecule
as well as to the improperly formed phenDTC SAM. The existence of additional adsorbed
carbondisulfide and oxygen containing hydrocarbons lead to different conformation and
coordination energies. This, in turn, yields an effective broadening of the measured peaks
[133]. A meaningful correction of the MO energies is not possible as no clear peaks are seen
in the spectra below 5.5 eV binding energy. However, an offset of 0.6 eV, as it was found
for C2DTC and pipDTC, shifts the accumulation of σ-states into the region where a signal
above the secondary electron background is seen. This transition becomes apparent at 11 eV
binding energy.
In contrast to both preceding DTC SAMs, the work function is lowered by only 1.3 eV to an
absolute value of 3.9 eV. This is a clear indication that the permanent and induced dipole
density is not as high as for the other molecules. A further perturbation is given by the
additional adsorbed oxygen moieties and unbound sulfur which can partially lift the dipole
characteristic.
In summary the UPS measurements reveal that regardless of the chosen dithiocarbamate
- alkyl, cyclic or aromatic - the electronic structure of the frontier molecular orbitals at low
binding energies (> 3 eV) is determined by the NCSS-anchoring group. Thus, the results
from the density functional theory calculations of the isolated molecule are confirmed and
still valid for the SAM. For phenDTC this evaluation is limited due to the incomplete SAM
formation. The inferior film quality could obscure hybridized pi-states which would be
expected in the spectral region of the gold 5d-bands. Still the final alignment of the molecular
states upon adsorption of the dithiocarbamate on the gold surface is not found satisfactorily
in the regime of the σ-states. To gain a comprehensive view on the energy level alignment,
advanced quantum chemical calculations are conducted for diethyldithiocarbamate. In
particular the effect of variational binding sites and packing patterns is investigated.
8.2.3 Valenceband Structure of Diethylthiocarbamate on Gold
A detailed picture of the valence band structure of C2DTC on gold is generated by density
functional theory. The Quantum Espresso program package is chosen, which enables the
calculation in a plane wave approach employing ultra-soft Vanderbilt pseudo potentials
[180]. All calculations are performed with the PBE functional. Van der Waals interactions
are implemented by a semi-empirical correction. Further parameter sets are tested and
reliably yield comparable results which can be reviewed in the thesis of Tobias Schäfer [316].
Tight convergence criteria are set to ∆E < 0.1 meV for the scf cycles and ∆F = ∆∂E/∂q <
0.1 meV/fm for iterations in the structure relaxation. k-point integration is conducted along a
8x8x1 Monkhorst-Pack grid with a Methfessel-Paxton smearing of 0.2 eV [317].
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C2DTC pipDTC phenDTC
MO energy MO type MO energy MO type MO energy MO type
[eV] & index [eV] & index [eV] & index
1.3 lp 1.3 lp 1.3 lp
1.7 pi1 1.7 pi1 1.8 pi1
2.7 pi2 2.7 pi2 2.4 pi2
4.9 σ1 4.7 σ1 2.8 pi3
5.1 σ2 4.9 σ2 3.0 pi4
5.3 σ3 5.0 σ3 3.2 pi5
5.8 σ4 5.3 σ4 3.4 pi6
6.0 σ5 5.8 σ5 5.0 σ1
6.3 σ6 5.9 σ6 5.3 σ2
6.6 σ7 6.4 σ7 5.5 σ3
6.8 σ8 7.0 σ8 5.8 σ4
7.4 σ9 7.3 σ9 5.8 pi7
7.7 σ10 7.6 σ10 6.0 σ5
8.1 σ11 8.1 σ11 6.2 σ6
8.7 σ12 8.4 σ12 7.0 σ7
9.3 σ13 8.9 σ13 7.5 σ8
10.6 σ14 9.2 σ14 7.7 σ9
Table 8.8: Calculated highest occupied molecular orbitals and energy eigenvalues of C2DTC, pipDTC and
phenDTC with respect to the Fermi level EF = 0eV in the SAM. The HOMO is aligned to the first peak
signature in the UPS spectra. The data is taken from DFT calculations of the relaxed isolated molecules.
Hence, the values represent a rough estimate of the positive binding energies of the molecular orbitals in the
SAM. The columns MO type denote the character of the orbital as either sulfur lone pair (lp), pi or σ orbitals.
Surface system bare Au C2DTC on Au pipDTC on Au phenDTC on Au
Work function [eV] 5.2 3.2 3.3 3.9
Table 8.9: Work function of DTC covered Au surfaces derived from the UPS spectra. The considerably lower
value compared to the sputter-cleaned gold surface indicates the presence of a strong dipole layer on top.
Empirically this effect can roughly be correlated to the high density of Au-S bonds in combination with the
oriented molecular dipoles.
To account for variable packing schemes different slab systems are investigated. In all calcula-
tions a six layer gold slab is chosen with the lower four layers being fixed in the bulk structure,
while the topmost two layers are relaxed together with the adjacent SAM. The various SAM
patterns denote different area densities which are given in units of 1014 molecules/cm−2. An
overview over the calculated structures is given in figure 8.27. While the trimer structure
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Au 5d
Au 5d
Au 5d
HOMO 
(MMIS)
HOMO-{1,2} 
(Π1,Π2){HOMO-{3,...,16} (Σ){
Figure 8.25: UPS spectra of diethyldithiocarbamate (C2DTC) monolayers on Au and projected density of
states (PDOS) from DFT slab calculations. The PDOS is splitted in contributions on the first gold layer (light
gray), the carbodithioate group (gray) and the amine backbone (dark gray). The alignment of the offset is
performed by fixing the maxima in the gold d-bands to 2.5 eV, 4.4 eV and 6.1 eV, respectively. The accordingly
shifted PDOS marks the HOMO as a metal-molecule interface state (MMIS) with an onset at around 1.4 eV
which corresponds to the measured peak of the HOMO centered at 1.3 eV. The HOMO-1 and HOMO-2 level
denote Π states are smeared over the region between 1 eV and 5 eV. The onset of the Σ-states is found at
5.2 eV and measured dat ≈ 5.5 eV.
is proposed by Morf and coworkers the equivalent densely packed monomer structure is
preferred for the sake of a smaller unit cell and hence less computational power consumption.
The electronic system proves to be merely invariant for a change between the two supercell
structures [316].
The geometrical relaxation is performed from three different starting positions for the binding
sites of the dithiocarbamate. First, the sulfur atoms are placed in the top positions directly
above a gold atom of the first Au layer. Second, the sulfur atoms are placed on top of the
hollow sites, which are the centers of a bond triangle between three adjacent gold atoms in
the top layer. Third, the sulfur atoms are placed at the bridge sites, which are the intermediate
intersection of the distance between two next-nearest-neighboring gold atoms of the topmost
layer. The resulting structure always yield one sulfur atom located directly above a gold atom
in the top position and the other sulfur atom approximately at the bridge site.
In order to derive the projected density of states (PDOS), the electronic states are projected
on the tetrahedron atomic orbitals. Subsequently, the PDOS is grouped into three different
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contributions: the PDOS from the first gold layer, the PDOS from the CS2 anchoring group
and the PDOS on the diethylamine moiety as seen in figure 8.25. Due to the shortcoming in
determining the experimental charge neutrality level, which includes the relaxation energies
a manual alignment of the energy offset is required [138, 136]. In the case of dithiocarba-
mate monolayers on gold, the recorded spectra comprise ideal reference points which mark
a unique chance to accomplish a well matching rigid shift of the computed PDOS. In the
spectra the maxima of the Au5d-bands are still visible as sharp peak features. These peaks
can be distinguished in the PDOS, too. Thus, this alignment which is denoted with dashed
lines in light gray yields a shift ∆E = 0.5 eV towards lower binding energies with respect to the
original binding energies from the computation.
The molecular PDOS is marked as a superposition of dark gray, filled curves. A molecule-metal
interface state is found between 1.4 and 1.9 eV binding energy. This roughly corresponds
to the broad peak in the spectra which is centered at 1.3 eV. However, the HOMO-1 and
HOMO-2 are given as Π-states2 which are smeared out over the region between 1 eV and 5 eV.
Thus the assignment of the contributions to the MMIS and the determination of exact peak
center positions is limited to a qualitative description. In contrast, the onset of the Σ-states is
dominated by the last distinct feature of the Au5d bands. Also here, the onset of this spectral
region in the UPS is observed at approximately 5.5 eV binding energy. In the PDOS, the onset
of the Σ states is found at roughly 5.2 eV, which is already an improvement with respect to the
findings in the isolated molecules. The distribution of the Σ-states at higher binding energies
follow the distribution of the original MO energies of the isolated molecule but is convoluted
by the Gaussian smearing of 0.2 eV. This is a typical tendency for strongly localized states
in molecular solids [133, 151]. A similarly confined peak shape is found in the UPS spectra,
which confirms the validity of the calculated PDOS.
In summary, the PDOS reveals a similar electronic structure as found for the discrete molecu-
lar orbitals of the isolated DTC compound. Yet, the Σ states are given by broadened σ orbitals
and the Π-states are found in broad bands, which extend over a larger spectral range. The
sulfur lone pair orbital makes a transition to a MMIS state and is found at approximately 1.6 eV.
The alignment of these PDOS contributions defines a significant improvement over the first
orbital assignments from the isolated molecule calculations. In particular the short-coming
of defining a discrete peak to the HOMO level as the energy reference is overcome by the
alignment at the gold d-bands.
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Figure 8.26: Example for the work function alignment in diethyldithiocarbamate (C2DTC) from DFT cal-
culations. The work function of gold is successively lowered by the bond dipole of the induced charge
redistribution in the CSS group and the intrinsic dipole of the molecular SAM. Both contributions amount
toΦBD = 0.4 eV andΦD = 1.7 eV, respectively, thus yielding a total work function reduction of ∆Φ= 2.2 eV
for a densely covered surface.
8.2.4 Work Function Alteration in Diethyldithiocarbamate
The work functionΦ′ of the joint slab is calculated by the difference between the area inte-
grated3 electrostatic potential V outside the slab at the monolayer side (z = 15 Å) and the
Fermi energy. WithΦ being the original work function a total change of the work function is
given by
∆Φ=Φ−Φ′. (8.14)
This term can be divided into two different contributions: first, a component from the bond
dipole layer formed by the charge rearrangement due to the chemical bond ΦBD and second,
a component from the intrinsic molecular dipoleΦD according to
∆Φ=ΦBD+ΦD. (8.15)
Both contributions can be isolated in the following way. The C2DTC monolayer is removed
from the gold surface leaving an isolated SAM with the anchoring side at the bottom (left) and
the head group on top (right). To satisfy the valence of the system the left side is terminated
with one hydrogen atom for each C2DTC molecule. The freestanding layer is relaxed to find
the unperturbed structure. As described by Heimel and coworkers the ionization potential
EIP and electron affinity EEA is dependent on the side of the monolayer as the vacuum level
is different on each side of the SAM [82, 84]. The potential drop ∆Evac in the vacuum level
across the SAM is exactly the contribution of the intrinsic dipole layer
ΦD =∆Evac = EIP,left−EIP,right = EEA,left−EEA,right. (8.16)
Subsequently, the bond dipole is calculated from the difference in the area integrated charge
density ∆ρ(z) of the joint SAM/gold system ρ(z) and the isolated relaxed components accord-
2In order to perform the transition from molecular orbitals of the isolated molecule to states in the condensed
SAM, the capital lettersΠ and Σ are employed as done earlier in chapter 7.1
3Area integration is performed along the xy-plane which is the plane of the Au(111) layers: V = V (z) =∫
V (x, y, z)d xd y
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Au
S
C
2 x 2
3.3 x 1014 mol/cm2 2.2 x 1014 mol/cm22.5 x 1014 mol/cm2
1.7 x 1014 mol/cm2 0.8 x 1014 mol/cm2
2 x 34 x 4 (trimer)
4 x 4 (dimer) 4 x 4
Figure 8.27: Different C2DTC SAM coverages on Au for the derivation of the work function from DFT slab
calculations. The unit cell size and overlayer structure define the molecular area density. The monomer in
the 4×4 structure defines the lower limit for the packing density, which is clearly exceeded as found in the
XPS measurements. The other extreme is given by the monomer in the 2×2 surface cell, which would result
in a very dense packing, which is not accomplished in the real system. Both, the trimer in the 4×4 cell and
the monomer in the 2×3 cell yield a realistic coverage.
ing to
∆ρ(z)= ρ(z)− [(ρSAM(z)−ρH(z))+ρAu(z)], (8.17)
where ρSAM(z) is the charge density in the relaxed isolated SAM, ρH(z) the charge density of
the terminating hydrogen layer and ρAu(z) the charge density in the gold layer with the first
two layers being relaxed for the joint system.
The correlation to the electrostatic potential is directly given by the Poisson equation
∂2
∂z2
V (z)= ∆ρ(z)
²0
, (8.18)
with the vacuum permittivity ²0. The bond dipole contribution is then given by
ΦBD =V (∞)−V (−∞). (8.19)
The work function shift is calculated for different molecular coverages and binding sites
[316]. In figure 8.27 the most promising and limiting SAM motifs are depicted. For the
sake of simplicity, the molecule is sketched in the top-top position, whereas the top-bridge
position was found to be equally stable. A pronounced correlation between work function
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Figure 8.28: (left) A clear tendency of the work function change with varied surface coverage of C2DTC
molecules on gold is observed. (right) While the bond dipole remains almost constant the change can
be traced to the depolarization of the molecule and hence the intrinsic dipole. Thereby the conceptual
weakness of the method is identified by the rudimentary implementation of van-der-Waals interactions
which influence the depolarization factor and hence ²eff. Still the result yields a good impression of the
trend in the work function alignment and a well matching value for the absolute work function shift in
C2DTC.
and molecular area density Nmol was found which is depicted in figure 8.28. The qualitative
trend can be explained easily in the following. The work function alteration can be expressed
by the Helmholtz equation
∆Φ= Nmolµ
²0²eff
, (8.20)
where µ is the dipole moment for each molecule, ²0 the vacuum permittivity and ²eff the
effective dielectric constant which accounts for depolarization by adjacent molecules and
image dipoles. In this model Nmol and ²eff are still correlated by an unknown relation [84]. In
the corresponding calculation for C2DTC a clear tendency is seen. The work function change
is large for high molecular densities and low for small coverages. Thus a densely packed SAM
would produce the most significant alignment. Theoretically, the work function should ap-
proach a value of 5.2 eV (bare gold) for vanishingly small coverages. The right panel of figure
8.28 shows that the change in the work function for various surface coverages is attributed to
depolarization effect in the intrinsic SAM. In contrast, the bond dipole contribution is not
affected by an increased molecular density on the surface.
However, a broad range of values for the work function change can be found in the calcula-
tions which depend on the computed final binding site of the DTC molecules. For the investi-
gated C2DTC SAM on gold, which exhibits a coverage of Nmol ≈ 2.5×1014 molecules/cm−2,
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the work function can be found in the range between 3.0 eV and 3.2 eV. The contributions of
the intrinsic dipole and bond dipole vary within these calculations but can be approximated
to
ΦD(C 2DT C /Au)= 1.7±0.2eV and ΦBD(C 2DT C /Au)= 0.4±0.2eV.
In conclusion, the exceptionally lowered work function is explained by the combination of the
strong intrinsic molecular dipole due to the DTC C-N axis and the pronounced bond dipole
which is conveyed by the strong interaction between the dithioate moiety and the underlying
substrate. Thus, dithiocarbamates are identified as a robust metal surface functionalization
for an extraordinary efficient work function reduction.
8.3 Chainlength Dependency of Di-n-alkyldithiocarbamte
(CnDTC) Monolayers on Gold
In the previous section the adsorption of prototypical monolayers of diethyldithiocarbamate
has been discussed in detail. Finally the question remained, to which extent the superior
electronic properties of the SAM are affected by the interchange of the molecular backbone.
In the least complex and least interference-prone approach the alkyl chains of C2DTC are
gradually extended by further ethyl (C2H4) units. It is known from the literature that the
transition to an odd number of methyl units in the case of alkanethiol monolayers leads to
irregular packaging schemes [318] [319]. Thus, in this section the measurement series of
dialkyldithiocarbamtes (C2nH4n+2NCSSH, n ∈ {2,4,6,8,10}) is discussed. If the argument that
the main components of charge rearrangement in diethyldithiocarbamate are localized on
the DTC moiety holds, no pronounced further changes are expected due to the extended
alkyl system.
8.3.1 Molecular Orbital Structure of Dialkyldithiocarbamates (CnDTC)
This expectation is to be verified by DFT computations. The calculation scheme follows the
procedure introduced earlier. In order to simulate reliable IR absorption spectra the inter-
atomic forces must be derived accurately. The tight convergence criteria for the maximum
and average change in forces (∆Fmax ≤ 10−5 RyÅ ;∆Fmean ≤ 10−4
Ry
Å
) suffice. This convergence
is still met for butyl side chains but no longer for hexyl side chains or even larger alkyl groups.
The main obstacle for these calculations is given by the displacement of the single atoms
between two iteration steps. Since a lot of different alkyl chain configurations yield the
same total energy a fully relaxed structure cannot be achieved without further constraints or
conditions. Hence it becomes mandatory to make the transition towards a non-strictly ab
initio method. The previously mentioned shortcoming on the side chain configuration can
be reasoned with the intramolecular forces in the chains that stabilize the molecule. These
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forces primarily comprise van-der-Waals interactions which can be regarded as long range
interactions in a correlated electron system. Such forces are not included in the presented
GGA approach which considers only the local electron density and the gradient, i.e. the close
vicinity of the local density (see section 5).
A convenient way to include of dispersion forces is given by adding additional effective-core
potentials on the carbon atoms, which must be chosen with greatest care. A huge amount of
sets for these modifications can be found in the literature [320, 321]. For the use of the B3LYP
potential and the commonly employed 6-31G+(d,p) basis set a set of robust potentials for
carbon atoms was defined by DiLabio and coworkers [322, 323, 324]. DiLabio found these
parameters to work well for aromatic as well as aliphatic organic compounds.
In these studies he was able to reproduce the bond intermolecular bond length of van-
der-Waals bond molecules with high precision. In the calculations for the dithiocarbamate
molecules performed in this work no additional approximation for potentials on the sulfur
and nitrogen atoms were employed. None of these species are likely to influence the ordering
of the alkyl backbone by any means. Being situated at the end of both alkyl chains but fixed
to the dithiocarbamate group the nitrogen atom depicts the center of rotation for the alkyl
chains. Hence, the position of the nitrogen atom with respect to the alkyl chains remains
invariant to any rotational motion of the chains. The former carbon disulfide group on the
other side is tightly bound to the substrate and will interact only moderately with the alkyl
backbone as it has been shown for thiolate linkers in other SAM systems [158].
The carbon atom-centered effective core-type potentials simply add up to the potential term.
They have the functional form
Veff(r )=
∑
i
Veff,i (r )=
1
r 2
∑
i
ci r
ni e−ζi r
2
, (8.21)
where n = 2 for a gaussian shaped potential and ζi are empirical determined parameters.
In our case two terms Veff,1(r ) for a medium range attractive force and Veff,2(r ) for a tighter
repulsive force which prevents overbinding are emplozed. The parameters have been de-
termined to ζ1 = 0.12 and ζ2 = 0.08 [324]. The coefficients ci are optimized for the use in
different DFT methods and functionals. For the B3LYP functional and 6-31G+(d,p) basis set
these coefficients were determined by DiLabio to c1 =−1.52×10−3 and c2 = 1.3×10−3.
With these corrections to account for dispersion forces the molecular structure and fun-
damental modes of the long-chained dithiocarbamates can be determined with sufficient
precision. Again, in the valence region the molecular orbitals can be divided into three
different types. The sulfur lone pair orbitals (lp) which conveys the coordinative bond to
adjacent metal ions are found at low binding energies. At slightly higher binding energies
the conjugated molecular orbitals (pi) of the dithiocarbamate group are observed. The num-
ber of sigma-type orbitals (σ) increases with the number of methyl units in the side chains.
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MO C2DTC C4DTC C6DTC C8DTC C10DTC
HOMO(lp) 5.88 5.84 5.82 5.81 5.81
HOMO-1(pi1) 6.24 6.19 6.18 6.16 6.16
HOMO-2(pi2) 7.30 7.22 7.20 7.18 7.18
HOMO-3(σ1) 9.45 9.08 8.78 8.55 8.36
Table 8.10: Calculated occupied molecular orbitals and energy eigenvalues (in eV) of isolated CnDTC
molecules. All data points are generated by DFT calculations employing the common B3LYP functional in
combination with the 6-31G+(d,p) Pople basis set. The values are given as positive binding energies with
the vacuum level EV ac = 0eV as reference level. The lone pair and pi orbitals remain almost unchanged
upon variation of n. The σ bonds are localized on the molecular backbone and shift towards lower binding
energies upon increasing chain length.
All these orbitals lie at higher binding energies with respect to the bonding orbitals which
are located on the DTC group. While the first three eigenvalues remain constant for ev-
ery n, the first σ orbital (HOMO-3) shows a considerable energy shift with increasing n of
EHOMO−3(C2DTC)−EHOMO−3(C10DTC)= 1.1eV. The data for the frontier molecular orbitals
up to the HOMO-3 are summarized in table 8.10. All values are referenced to the vacuum
level which is set to zero. As a remarkable result the eigenvalue of the MOs which actively
participate in ligand bond formation remains constant. This result implies that the electronic
alignment of all long-chained DTCs will be comparable to the case of diethyldithiocarbamate
on gold. The complete alignment process will be discussed in a subsequent section together
with the photoemission spectra after the proper DTC formation was verified.
8.3.2 Verification of Di-n-alkyldithiocarbamate (CnDTC) SAM
Formation
8.3.2.1 Monolayer Growth Procedure and Sample Handling
The growth of dialkyldithiocarbamates is carried out analogously to the procedure described
for diethyldithiocarbamate. First a 50 mmol solution of di-n-amine in anhydrous ethanol is
produced. Subsequently, carbondisulfide is added dropwise until a 25 mmol concentration
of CS2 is achieved for the solution. The reaction scheme is depicted in figure 8.29. A total
volume of 10 ml is produced in an all glass-ware weighting bottle. For an easy and convenient
revision the amount of employed materials is quantified in the appendix in table 11.1. All
DTC-solutions are produced in an oxygen and humidity free glovebox atmosphere (cO, cH2O <
3 ppm) to prevent oxidation of the sulfur moieties. Gold surfaces on chromium primed silicon
substrates are produced in the ORPHEUS UHV cluster system and are directly moved to the
glovebox without exposure to ambient atmosphere. This avoids oxidation of the gold surface,
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Figure 8.29: Visualization of the reaction scheme for the CnDTC layer formation. The gold substrate is
immersed into a ethanolic solution of carbon disulfide and either diethylamine, dibutylamine, dihexy-
lamine, dioctylamine or didecylamine. According to self-assembly mechanisms a layer of the respective
dithiocarbamate compound CnDTC (n ∈ {2,4,6,8,10}) is established on the gold surface.
which was observed for a set of previously investigated samples (see section 8.2.2). After
an immersion time of 16 h the samples are rinsed with pure ethanol and dried in an argon
stream. The samples produced for the photoemission experiments are directly introduced
into the UHV system without breaking the inert atmosphere. The samples for the FTIR and
contact angle measurements are extracted from the glovebox.
8.3.2.2 Vibrational spectroscopy of CnDTC SAMs on Au
Following the procedure presented in the previous section the formation of dense and pris-
tine dithiocarbamate SAMs is investigated by FTIR spectroscopy. All spectra are recorded by
a Biorad FTS 3000 instrument with p-polarized light in grazing incident geometry.
As already seen before, the principal region for the identification of the SAM formation and
orientation is located between 3100 cm−1 and 2800 cm−1 as well as between 1500 cm−1 and
1100 cm−1 (see figures 8.30 and 8.31). Within these ranges the C-H stretching modes as well
as the C-N and C-C stretching, scissoring and wagging modes are observed, respectively. As
it can be seen from figure 8.31 single modes are still easily distinguished for dibutyldithio-
carbamate but become more challenging to discern for an increasing alkyl chain length.
However, six important fundamental modes of vibration which were already identified for
the diethyldithiocarbamate film are persistent throughout all spectra. These are the C-N
stretching modes ν1 (the unperturbed thioureide band), ν2,ν3,ν4,ν6 and ν8. This is already a
first indication that the molecular species are adsorbed in an upright orientation on the gold
substrate. Yet, this assumption can only be verified by a clear assignment of the observed
absorption peaks.
For this reason the DFT calculations of the isolated neutral molecule are further evaluated.
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Figure 8.30: FTIR spectra of CnDTC monolayers on Au. The spectral range of the measured curve (a)
between 3100 cm−1 and 2700 cm−1 contains rich information on the coordination and ordering of the alkyl
side chains. The observed modes in this region can directly be addressed to the C-H stretching modes.
The position of the vibrational modes is relatively independent of the chain length but depends on the
environment of the single methyl units. Interesting enough, the position of the modes νCHi is shifted to
lower frequencies ν∗CHi for n > 2. Whether this is an intrinsic effect of the molecular assembly or attributed
to the packaging scheme and density is further investigated by a comparison with the calculated bands of
vibration in (b). Since similar deviations are present for the simulated spectra of the isolated molecule as
well, a distinct disorder can be excluded.
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Figure 8.31: FTIR spectra of CnDTC monolayers on Au. The classical C-N stretching modes that have been
classified for Diethyldithiocarbamate earlier (8.2.1.3) are found for the whole series of n-alkyl chains in the
measured spectra (a). The principal modes ν1, ν2, ν3, ν4, ν6 and ν8 are observed throughout all curves at
approximately the same position (ν∗6 is shifted to a slightly lower frequency for n > 2, since for this mode the
stretching motion of the C-N bond and wagging motion of the alkyl groups are coupled). For an increasing
number of methyl-units the Thioureide, C-N and C-C vibrations in the region between 1500 cm−1 and
1100 cm−1 become less discernible which is in line with the simulated spectra (b).
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The frequency calculations are performed for the fully converged molecular geometry with
pseudopotentials incorporated to account for dispersion forces. Since anharmonic calcu-
lations become extraordinarily time-consuming for the growing side chains, an correction
function for the harmonic eigenmodes is determined. Such a correction depends strongly
on the bond strength and molecular motion and represents only an empiric approximation.
In the range of 500 cm−1 to 3500 cm−1 the anharmonicity ω/ω0 of the C-N, C-C and C-H
vibrations in organic compounds is well described by a linear relation [175]. In this context
ω and ω0 denote the anharmonic and harmonic frequencies respectively. The upper end
of this correction is given by the C-H stretching modes, which exhibit the highest degree of
anharmonicity, while the lower end is given by the C-S bending modes. Hence the proposed
linear correction
ω= ξ2+ξ1ω0 (8.22)
is sufficient for a quantitative discussion of the relevant spectral region. In figure 8.32 the
relative deviation∆ω=ω/ω0 of the calculated anharmonic frequenciesω from the calculated
harmonic frequencies ω0 in diethyldithiocarbamate is visualized. The parameters
ξ1 =−1.12±0.07×10−5 and ξ2 = 0.989±0.002
for the scaling relation are extracted from the linear fit in this diagram.
This approach enables the discussion of the observed IR modes. A selection of the most
important vibrations are summarized in table 8.11.
Starting with the high-frequency modes at 3000 cm−1 first deviations are seen between the
different spectra but also between measured and calculated curves in figure 8.30. For a better
differentiation the modes in the CnDTC layer with n > 2 are denoted with an asterisk in the
viewgraphs as well as in table 8.11. For an alkyl chain length of n a total of 4n+2 C-H bonds
and as many C-H stretching modes are expected and found in the calculations. Due to the
very similar character of the motion exhibiting the same force constants and reduced masses
these C-H stretching modes show a pronounced degree of degeneracy. Of course this degen-
eracy is partially lifted for the C-H modes in the molecular compound but the modes remain
at very similar frequencies. In the measured spectra a total of three peak centers can be found
for the absorption peaks for each CnDTC layer. The apparent deviations to the simulated
curves have been addressed for the C2DTC already and are still valid for the higher order
DTCs with increased chain length. The methyl stretching bands also behave more erratic
upon anharmonic correction which is explained by the mismatch between measurement
and simulation, too.
However, we observe in the spectra that the methyl vibrations in C2DTC are at higher fre-
quencies as compared to the methyl vibrations in long chained DTCs. The red shifts ∆νi of
the measured peak positions between the C2DTC νi and the mean value of the peak position
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Figure 8.32: Relative deviation ∆ω=ω/ω0 of the calculated anharmonic IR fundamental modes ω from the
calculated harmonic IR modes ω0 for diethyldithiocarbamate (C2DTC). Values are determined from DFT
calculations of the neutral hydrogen-terminated molecule. A universal scaling relation for the fundamental
modes of all applied dithiocarbamate SAMs can be fitted in the linear region between 500 cm−1 and
3500 cm−1.
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of the CnDTCs (n > 2) ν∗i are remarkable with
∆νi = νi −ν∗i (8.23)
yielding
∆νmeasC H1 = 10±3cm−1, ∆νmeasC H2 = 5±2cm−1 and ∆νmeasC H3 = 16±2cm−1. (8.24)
Immediately the question arises, why this strong deviation from C2DTC emerges when the
transition to the next larger dithiocarbamate, C4DTC, is made. Curiously this change is
relatively sudden and remains constant for even longer chained alkylDTCs with the exception
of the νC H2 mode and a shoulder at position νC H3 for C4DTC.
Four possible explanations could explain this issue
• First, as an intrinsic effect the CH stretching modes are mainly affected by the molecular
structure itself.
• Second, the order and orientation of the alkyl chains is quite different in the SAM as
the standard packing motif is impeded by steric hindrance in long chained DTCs.
• Third, impurities are adsorbed for the long chained DTCs.
• Fourth, deviations in the measurement conditions and data processing produce the
observed changes.
The last two cases can be excluded immediately. On the one side, it is known from the
C2DTC preparation series that the spectra of different SAMs are reproducible and show only
deviations well below the measured differences of up to 20 cm−1. On the other side the XPS
measurements which will be presented later show that no foreign species are adsorbed on top
of the pristine DTC layers, with the exception, that the sulfur content is slightly too large for
the longer chained DTCs. This finding, however, is related to CS2 which binds at gauge defects
in the SAM. Given the fact that this sulfur surface concentration is subject to variations while
the change in the vibrational frequencies is not, this explanation can be excluded, too.
Order-disorder effects could possibly explain these observation. Presumably the trimer
absorption geometry of the C2DTC cannot be realized for long alkyl chains which constrict
each other. Thereby, parts of the alkyl chains could either be packed more densely or reach
parts of the uncovered gold surface. A similar situation has been reported by Picraux et al.
while comparing SAMs of upright standing and lying decanethiol molecules on Au surfaces
[230]. Depending on the chemical environmental, the hydrogen atoms are grouped into those
which point away from the surface (distal) and those which are close to surface (proximal).
Picraux found that the distal modes show a shift of up to 12 cm−1 whereas the appearance of
new proximal modes indicate a pronounced hydrogen-metal agostic interaction [231]. This
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frequency shift can be reasoned by the common considerations in IR surface spectroscopy as
follows [325, 326]. The total dipole moment µ(ν), whose derivative yields the IR activity, is
composed of the intrinsic molecular dipole moment µmol(ν) and the induced dipole moment
µind(ν) of the image dipole below the metallic mirror plane.
µ(ν)=µmol(ν)+µind(ν)=µmol(ν)+α(ν)Eloc (8.25)
with α(ν) being the polarizability of the molecular moiety and Eloc the local electric field. The
latter is composed of the extrinsic field E as well as the field of the image charge in the metal
surface Eimage.
Eloc = E +Eimage (8.26)
If the molecular group is placed at a distance d from the surface, the distance to the image
dipole (µimage(ν) = µ(ν)) amounts to 2d resulting in an image charge induced field of
Eimage =µ(nu)/4d 3. (8.27)
Eventually, for each specified mode ν the dependence of the dipole moment on the distance
to the metal surfaces amounts to
µ(ν)= µmol
1−α(ν)/4d 3 +
α(ν)E
1−α(ν)/4d 3 . (8.28)
The frequency shift is mapped to the change in the polarizability. While the electronic part of
the polarizability αe is considered to be constant in this range of interest, the vibrational part
αv is given by
αv (ν)= e
∗
(4pi2mν0)
1
1− (ν/ν0)2+ iγ(ν/νo)
, (8.29)
where e∗ is the effective charge, m the reduced mass and ν0 the resonance frequency of
the unperturbed vibration. The position ν of the minimal reflectivity - and hence the IR
absorption peak - is denoted by the minimum value of the imaginary part of the equation
(8.29). The overall fit of a vibrational mode fragmented on a molecule like a dithiocarbamate
depicts a complex challenge. However, several numerical values have been obtained by
Yamamoto and coworkers for simple alkanes on metal surfaces. They found that the hydrogen-
metal distance can be less than 1 Å with frequency shifts of softened modes up to∆ν= 40cm−1
[231].
The probability of the peak shift being an intrinsic property of the increased size of the
molecules can be judged from the simulated spectra. Following the procedure from above
the peak shifts amount to
∆νsimC H1 = 17±2cm−1, ∆νsimC H2 = 6±3cm−1 and ∆νsimC H3 = 26±3cm−1. (8.30)
These shifts also point towards lower frequencies and are of the same order of magnitude
as the measured peak shifts. Comparing the shifts in the calculated modes with those in
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the measured spectra, one finds that the shift in the calculations is larger by a factor of 1.2
to 1.7. Thus, a similar effect is obtained for computations which do not cover the presence
of any surface or monolayer structure or extrinsic perturbations. As a consequence it is
apparent that intrinsic deviations of the fundamental modes of vibration for the different
dithiocarbamates dominate the IR spectra in the CH stretching region. This effect can be
reasoned by the number of the methyl units in the alkyl chains. As soon as the chain length
exceeds four methyl units, the chains are not rigidly pointing away from each other but are
subject to a mutual van-der-Waals interaction. Furthermore, the absence of very low lying
modes (≈ 2910cm−1) indicates, that no alkyl chain is situated in close vicinity of the gold
surface [231].
In the preceding discussion a proper DTC SAM growth has been assumed, as the CH stretch-
ing modes only give evidence that alkyl compounds are adsorbed on the surface. Yet, further
evidence for the growth of DTC layers is required. Rich information on the monolayer quality
and orientation is still contained in the spectral region between 1500 cm−1 and 1100 cm−1.
The thioureide band at ν1 = 1480cm−1 is observed for each monolayer. Being a vibrational
state mostly localized on the NCSS unit of the molecule this C-N stretching mode provides a
fingerprint of dithiocarbamate compounds.
In summary the adsorption of the CnDTC molecules on top of the gold surface is confirmed
by the accordant appearance of the C-N stretching modes. The pronounced intensities of
the C-N stretching modes indicate that the molecules are pointing out of the surface plane.
Eventually the results from the FTIR spectroscopy provide good evidence for a proper and
presumably well oriented DTC film growth for all different alkylchains. The possiblity of ad-
layers that would affect CH stretching modes is addressed by the subsequent photoemission
experiments.
8.3.2.3 XPS core level analysis of CnDTC SAMs
XPS data are recorded in the ORPHEUS Cluster system 6.1 equipped with a Phoibos 100
analyzer, a five-channel MCD detector and a monochromated Al Kα X-ray source providing
an excitation energy of Eexc = 1486.6eV at an minimal energy resolution of ∆E ≈ 500meV.
The same settings as in the measurements on C2DTC, pipDTC and phenDTC are utilized. A
first picture on film formation, stoichiometry and coverage is generated by standard mea-
surements with the emission normal to the sample surface.
The survey spectra (see figure 8.33 a) taken at a pass energy of Epass = 90eV and hence
an energy resolution of ∆E ≈ 3eV reveal the existence of carbon, sulfur and nitrogen beside
the dominating gold signal. Thus significant amount of contaminations can be excluded
for each CnDTC layer. This evidence of a pristine film formation is further supported by
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Figure 8.33: XPS spectra of CnDTC monolayers on Au normalized to the Au4f level. The survey spectra (a)
confirm the absence of impurities and undesired adsorbates. Only gold, carbon, sulfur and nitrogen photoe-
mission peaks are observed. No oxygen XPS (O1s) and Auger (OKLL) features are detected in the surveys
indicating that no random hydrocarbons from the ambient atmosphere contaminate the surface. The highly
resolved scans of the O1s region (b) show that only minor traces of oxygen are seen for diethylamine while
the long chained DTCs do not exhibit any trace of oxygen, probably due to a better screening of minimal
ammounts of surface hydroxyls and carbonate adsorbants.
the high resolution scans in the O1s region between EB = 540eV and EB = 525eV which are
depicted in figure 8.33 (b). The small O1s feature which is barely visible for C2DTC is no
longer present for the long chained DTCs. Since all films are produced in the same sample
run, the influence of variations in deposition conditions can be ruled out. Moreover the
purity of the diethylamine is denoted to be one of the highest for the set of employed amines
(see appendix, table 11.1). As a possible explanation the affinity for the physisorption of
floating particles and hydrocarbons in the ambient is increased for the short chain DTC. This
is confirmed by the subsequent analysis of the surface energetics which will follow later in
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Figure 8.34: High resolution XPS spectra of CnDTC monolayers on Au normalized to the Au4f level. The
C1s spectra (a) show a decrease in the high-energy shoulder for increasing chain lenght. This indicates
that in higher order CnDTC monolayers the C-O contribution found for C2DTC is no longer present which
correlates well with the missing O1s peak in figure 8.33. Furthermore, the C1s peak intensity increases
with chain length while the peak width remains almost constant. A slight peak asymmetry denotes a small
shake-off shoulder at larger energies. The S2p region (b) remains free of S-O bonds. The increasing intensity
at the S2p(1/2) level at EB = 163.5eV for prolongated CnDTCs comes from unbound sulfur species. This
indicates that fragments of the reaction must be present on the surface. The N1s spectra fit well to nitrogen
in DTC coordination for each CnDTC (d). Also the Au4f spectra are free of any irregularities(c).
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this section.
Further high resolution scans in the C1s region (see figure 8.34(a)) support the preceding
conclusions. The C-O component at a binding energy of EB ≈ 289eV which was observed for
C2DTC is now absent in the C1s spectra of CnDTC with n > 2. Consequently only carbon
in C-C and C-N bond configuration is present in the investigated samples. Yet two further
important observations that are only indirectly linked are made in the viewgraph:
• The peak width is reduced from wC 2DT CC 1s = 1.9eV to wC 4DT CC 1s = 1.7eV and wC nDT CC 1s =
1.6eV with n > 4 (see figure 8.34(a))
• For increasing n, the CnDTC C1s peak asymmetry is developing a small shoulder on
the high energy side at 286.5 eV and a main peak at 285.4 eV
The decreasing C1s peak width can be explained by the coordination of the alkyl chain config-
uration. The irregularities of the methyl vibrations in the FTIR spectra gave a first impression
on the effect that the chain alignment can have. It was shown in the DFT calculations that
an effective stabilization is achieved for a chain length of at least six methyl units, i.e. for
the dihexyldithiocarbamate. The larger number of possible chain configurations and hence
initial and final state energies produces a broadening in the C1s XPS signal of the short chain
DTCs. Moreover it was shown for regular alkanes that the ionization energies I of the C1s
orbital vary depending on the position of the C atom in the chain with the extremes being the
carbon atom in the terminal CH3 group against the carbon atom in the middle of the chain
[327]. As seen from the Mulliken analysis in figure 8.18, that even the charge distribution ρ in
the different carbon atoms comprises at least minor differences ∆ρ. Such variations directly
induce a variation ∆V in the potential V at the specific site of the neutral molecule according
to
∇2(∆V )∝−∆ρ. (8.31)
These deviations can be derived from quantum chemical calculations [328]
∆V ≈∆UV AL − (∆²c +∆UHF ) (8.32)
where ∆²c is the difference in initial-state core-orbital energy, and ∆U the difference in the
electrostatic energy of a positive charge at the two different nuclei. The subscripts HF and
VAL denote Hartree-Fock and valence-correlated levels of theory, respectively. Obviously
the rigid subtraction of the valence-correlated effects is only valid for inner shell electron
orbitals. In the investigated alkane chains ∆V amounts up to 0.2 eV. Another crucial factor in
calculating ionization energies is given by the change in relaxation energy R which accounts
for polarization effects in the relaxed structure of the photoionized molecule according to
I =V −R and hence ∆I =∆V −∆R (8.33)
193
Chapter 8: Results and Discussion II: Interface Dipole Formation of
Dithiocarbamate Monolayers on Metal Surfaces
Figure 8.35: Intensity ratio of bound vs. unbound sulfur in CnDTCs (a) and detailed peak information
of the C1s signal (b) extracted from high resolution XPS data. The amount of unbound sulfur becomes
non-negligible for large alkyl chain length. The occurrence of the thiolate sulfur signal is correlated to
the presence of additionally adsorbed CS2. Meanwhile the C1s data reveals that the peak sharpens for an
increasing chain length and the center position is shifted towards lower binding energies. Both effects are
ascribed to the conformation of the alkyl chains. For a larger chain length the interchain interaction, which
is of van-der-Waals type, leads to stabilization. Thereby, the energy eigenvalues are confined and relaxation
energies increase.
These relaxation energies are found empirically and can reach ∆R = 0.9eV in the investigated
species [327]. Hence a total variation in the ionization energy of up to 0.7 eV is expected
for the different carbon atoms comparing the terminal end groups of the alkane and those
adjacent to the nitrogen moiety of the DTC group.
The second aspect, the change in the peak asymmetry and the increased emission at EB =
285.4eV is addressed by similar means. The stabilization due to the interchain interaction of
the diamine moiety leads to more uniform energetic eigenvalues of the inner shell electrons.
Hence, the intensity at lower binding energies are decreased since the main contribution
originates from the relaxation energies. For the quantitative evaluation of the peak areas the
peak shoulder at 285.4 eV is considered with an additional peak amounting to a maximum of
10% of the total peak area. However the peak can also possibly be explained by a shake-up
structure which is rather common for the C1s signal in organic compounds due to the vibra-
tional and electronic excitations [329]. In any case the primary photoemission is denoted as
origin of the signal which in turn needs to be considered for further analysis.
The sulfur 2p region denotes a further point of interest which is depicted in figure 8.34 (b).
All spectra taken for the CnDTC layers remain free of S2p contributions from potential S-O
bonds which would emerge at a binding energy of EB ≈ 168eV [330]. This of course is in line
with the absence of oxygen and proves an unhampered SAM growth. Thiolate SAMs prove
to be susceptible to humidity and oxygen within solvents, reactants and the ambient in the
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early stages of growth [143, 295].
Yet, a specific evolution of the S2p signal with a successively increased alkyl chain of the DTC is
measured. At first glance it seems as if the line width of the S2p3/2 and S2p1/2 becomes sharper.
This observation, however, is misleading as a fit of the feature reveals the existence of two
doublets, one at E b
S2p3/2
= 161.8eV and E b
S2p1/2
= 163.0eV and the other at E ub
S2p3/2
= 163.3eV
and E ub
S2p1/2
= 164.5eV. The superscripts b and ub indicate, that the measured photoionization
energies correspond to S2p electrons from sulfur in Au-S bond configuration and from
unbound sulfur, respectively. The peak width within a doublet and the intensity ratio of
IS2p3/2 /IS2p1/2 = 1.96 are conserved for each fitting procedure. The aforementioned constraints
are necessary for the analysis since the different bonding properties, which an atom might
be subjected to, do not change the emission characteristics from the orbitals of this atom.
The total content of unbound sulfur increases with increasing chain length and becomes
considerable as seen in figure 8.35 (b). Thus a proper assignment of the observed species is
required. Possible origins of the unbound sulfur S2p signal are
• Physisorbed DTC molecules on top of the previously formed SAM
• Partly chemisorbed DTC molecules with one sulfur atom pointing away from the
surface.
• Non reacted carbondisulfide, partly chemisorbed or physisorbed on top.
The first possibility is omitted since the stoichiometry presented in table 8.12 indicates a
slight shortage in nitrogen, but excess sulfur already. If the unbound sulfur is counted into
the sulfur amount too, the sulfur content would significantly break the stoichiometry of an
adsorbed DTC. Moreover further rinsing attempts did not change the spectra in any way.
Hence, additionally physisorbed DTC layers are excluded.
The second idea regarding partial chemisorption is in contrast to the surface coverage gen-
erated from the Au4f to bound S2p intensity ratio. Table 8.13 lists coverages in the range
of C2DTC which already depicted a densely packed layer. Arguments on steric hindrance
render the situation of even more densely packed long chain DTCs improbable. Instead
small deviations to lower values of coverage, especially for C8DTC and C10DTC, are seen.
However, a constant and thoroughly consistent bond scheme is obtained by DFT calculations
as discussed next. Still, gauge defects in the monolayer allow sites of improperly adsorbed
molecules with staggered backbones. This can be considered a plausible reason for the
changes in the S2p signature.
Eventually, the presence of impurities of non-reacted CS2 is considered. It can be envisioned
that the relatively small molecular units can be found embedded in the alkyl part of the
monolayer. Hence the stoichiometry of the bound sulfur along with the dominant carbon
content would still conform to the molecular formula of the CnDTC. Also the coverage would
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not be affected directly. These extra molecules depict a perturbation and can influence the
SAM growth which leads to a slightly smaller surface coverage. This seems to be the most
probable scenario to account for the observed unbound sulfur.
Analogously to the basic DTC compounds (C2DTC, pipDTC and phenDTC) the N1s level at
EB = 398.3eV confirms the sole existence of nitrogen in an aromatic C-N bond. Due to the
diminishing nitrogen content with increasing chain length the signal becomes weaker but
still remains detectable for the larger DTCs. This decreased signal to noise ratio as well as
the additional challenge of fitting the Au4d background increases the error for the peak area
determination in the stoichiometric analysis.
The Au4f signal is recorded with an excellent signal to noise ratio as it was already the case for
DTC on Au. Again the Au4f level serves as a reference level for the offset correction of possible
charging effects. All energy scale corrections are of the order of 0.1 eV indicating that the SAM
covered gold films exhibit a sufficiently low sheet resistance.
With the completion of the XPS-signal identification the stoichiometry can be calculated
from the peak areas according to equation (8.5). The full C1s signal is employed as well as the
full N1s peak, the full Au4f peak and the whole S2p doublet for bound sulfur. The obtained
values are listed in table 8.12. In summary a good agreement between measured and expected
values is achieved. Some minor deviations need an additional explanation, though. The small
nitrogen content has already been explained by the small nitrogen signal. Interestingly, the
amount of sulfur is always a bit to high for all CnDTC layers even without considering the
unbound sulfur species. This difference to the respective molecular formula can be explained
by a small systematic error in the fitting procedure of the two doublets as the broadened
S2p3/2 peak of the unbound sulfur species interferes with the S2p1/2 peak of the bound sulfur.
This makes the proper peak decomposition challenging. Still the film stoichiometry is also
successfully obtained for CnDTC, with n > 2 within a margin of error of 2 %.
A similar picture is seen for the calculation of the surface coverages which are listed in table
8.13. As for the previously investigated SAMs the Au-S ratio of the XPS peak intensities is
computed with S consisting only of the contribution of bound sulfur atoms and is corrected by
one equivalent of unbound thiolate to compensate for CS2 inclinations in the SAM. The ratio
is compared with the values found from Schreiber for densely packed pristine decanethiol
SAMs on Au [137]. Therefore the last row in the table contains the surface coverage that a
decanethiol SAM would have with the same measured Au-S ratio. Of course the density of
molecules and the density of surface bound sulfur atoms needs to be reduced by a factor of 2.
Such calculations always carry a set of possible sources of error. These are the effect of
electron attenuation of the burried sulfur atoms, which was proven a few paragraphs ago,
compared to the attenuation of the Au4f photoelectrons. A quantitative description of this
effect is difficult due to several reasons. First, in a simple picture the photoelectron traverses
a system of isotropic layers on its way to the surface. It is assumed that each layer i would
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decrease the yield I (Eki n) of the passing electrons according to
Ii (Eki n)= I0 exp(−di /λi (Eki n)) (8.34)
with I0 being the initial intensity of the photoelectron current, di the layer thickness and
λi (Eki n) the attenuation constant of layer i being dependent on the type and density of the
atoms as well as of the kinetic energy of the passing electrons. Partial inelastic scattering is
neglected, so that Eki n remains constant. Then, the exiting photoelectron current intensity is
the product of the whole set of layers.
I (Eki n)= I0
∏
i
Ii (Eki n)= I0
∏
i
exp(−di /λi (Eki n)) (8.35)
One challenge is related to the dependence on the kinetic energy. The energy of the electrons
originating from the Au4f levels amounts to about 1400 eV, and thereby is about 6 % higher
than the kinetic energy of the electrons emitted from the S2p orbitals. Even though a universal
curve for electron attenuation in condensed matter depending on the electron energy is not
well defined, the dependence can be considered as almost constant for the investigated
photoelectrons [331]. Nevertheless it was shown by Jablonski and Powell that even small
differences in the kinetic energy can yield significant but rather unpredictable changes in the
exit length [332]. By neglecting these uncertainty the attenuation factor ceff which affects the
electrons from the Au4f level differently than the electrons from the S2p is computed to
ceff =
I Au4 f
IS2p
=
I0
∏
i
exp
(−d(i+1)
λ(i+1)
)
I0
∏
i
exp
(−di
λi
) =∏
i
I0 exp
(−di
λi
)
exp
(−dS
λS
)
I0 exp
(−di
λi
)
= exp
(−dS
λS
)
(8.36)
since the lowermost layer i +1 to be traversed by the Au electrons is exactly the sulfur layer S.
The scaling factor which needs to be considered for the calculation of the surface coverage is
given by the attenuation due to the sulfur layer. This attenuation factor is estimated by the
thickness of the layer which can be regarded to be in the order of a bond length dS ≈ 2Å. More-
over, the attenuation length in the energy regime is estimated to be about λS(1300eV)≈ 30Å
[333]. Eventually the attenuation factor differentiating Au4f photoelectrons from S2p photo-
electrons is calculated to ceff = 0.93. Hence, the order of the magnitude of the error is given by
1− ceff ≈ 7%.
Of course the model makes a couple of crude approximations. Considering the layer struc-
ture and order effects on a medium range length scale, diffraction of the photoelectrons
occurs. Already for regular photoemission spectroscopy experiments quantitative models are
introduced which employ low energy electron diffraction methods with the sample being the
source as well. For the investigated layer-system the spatial distribution of the photoemission
current as well as the integrated intensity are functions of the type and distribution of the
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Carbon Sulfur Nitrogen Oxygen
C2DTC (measured) 65.6 % 25.1 % 8.3 % ≤ 1 %
C2DTC (formula) 62.5 % 25.0 % 12.5% -
C4DTC (measured) 75.2 % 19.1 % 5.7 % -
C4DTC (formula) 75.0 % 16.7 % 8.3 % -
C6DTC (measured) 80.8 % 15.0 % 4.2 % -
C6DTC (formula) 81.3 % 12.5 % 6.2 % -
C8DTC (measured) 86.4 % 10.3 % 3.3 % -
C8DTC (formula) 85.0 % 10.0 % 5.0 % -
C10DTC (measured) 88.1 % 8.8 % 3.1 % -
C10DTC (formula) 87.5 % 8.3 % 4.2 % -
Table 8.12: Stoichiometry of dialkyldithiocarbamates derived from the intensities in the high resolution
XPS spectra (Epass = 10eV). The experimentally determined sample composition match the corresponding
molecular formula. Minor deviations were already explained for C2DTC. Also for the other CnDTC com-
pounds the amount of nitrogen is generally too low, while the sulfur content is slightly too high. A small
amount of oxygen impurities is only measured for C2DTC but is absent for the longer chained DTCs.
scattering sites. Osterwalder et al. have described in elaborate detail how such an analysis
can be pursued employing a plain wave approach for the free electrons [334].
Another quantity which contributes to deviations in the values for the surface coverage is
depicted by the error of the fit of the sulfur intensity which can amount to up to 5 %. In
contrast, the fit of the unperturbed Au4f signal does not produce any significant deviations
which is also due to the high S/N ratio. In summary a total margin of error of more than
± 10 % can be regarded as reasonable for the calculated surface coverage. The validity of
the model derived from decanethiol contains a final systematic uncertainty. The related
deviations of the surface coverage are supposedly small but can still amount to several %.
The total error bar hence puts the high surface coverages of up to 110 % into perspective.
8.3.2.4 Angle-Resolved X-Ray Photoemission Spectroscopy (ARXPS)
measurements of CnDTC monolayers
The preceding XPS analysis in normal emission geometry verified purity, stoichiometry and
surface coverage of the dithiocarbamate monolayers. Specific details on the film structure
remain unrevealed at this point in time, though. For instance, the allocation of the sulfur
atoms needs further refinement. Moreover, the monolayer thickness and of the respective
increment of the thickness which occurs by increasing the methyl units in the side chains
needs to be addressed.
Here, angle resolved XPS measurements provide a convenient way to extract this information
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C2DTC C4DTC C6DTC C8DTC C10DTC
S2p to Au4f ratio 0.050 0.048 0.043 0.036 0.037
Au-S bonds χAuS 4.9 4.7 4.2 3.6 3.7
[bonds/10−14cm2]
DTC molecules χ 2.5 2.4 2.1 1.8 1.8
[molecules/10−14cm2]
covered surface area∗ 110 % 105 % 94 % 79 % 81 %
Table 8.13: Surface coverage of CnDTC SAMs on Au extracted from XPS data by comparing the Au 4f intensity
to the S 2p intensity according to Schreiber [137]. Only the amount of bound sulfur is considered for the
calculation of the coverage. Still, very high values of surface coverage are achieved for each CnDTC SAM
exceeding the surface coverage with regular thiol compounds.
∗ The reference system for a full coverage is a densely packed SAM of decanethiol with
p
3×3 packing as
described in [137]
Figure 8.36: Measurement scheme of the angle resolved X-Ray Photoemission spectroscopy (ARXPS) for
the CnDTC SAMs on Au. The sample is tilted with respect to the analyzer while the angle between X-ray
source and analyzer remains constant. Two off-normal angles θ, namely 40◦and 65◦, are chosen. Thereby
the effective layer thickness d is increased to deff = 1.3×d and deff = 2.4×d according to eq. (8.37)
from the monolayer samples. By tilting the sample surface by an angle θ, the depth z from
which an electron is emitted is increased to z/cosθ. If we assume that an electron needs to
traverse a layer of thickness d the effective thickness is increased to
deff =
d
cos(θ)
. (8.37)
Beside the acquisition of spectra in normal emission additional take-off angles, of 40 ◦ and
65 ◦, were chosen. In the method employed the analyzer and X-ray source are held fixed, while
the sample is rotated with respect to the excitation and detection axis. Due to the comparably
long range and uniform absorption profile of X-Rays in matter the photoexcitation is invariant
under the tilt angle. Since the angle between detector and source is not changed, the emission
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Figure 8.37: Intensity ratio of carbon versus sulfur (a) and carbon versus gold (c) extracted from high
resolution ARXPS data. The C1s/S2p signal for a take-off angle of 0 ◦ is close to the stoichiometry line with
some excess sulfur as a consequence of possible CS2 adsorption. For larger angles the carbon content rises.
For the extreme cases of C8DTC and C10DTC a substantially stronger carbon signal than sulfur signal is
observed for large take-off angles. These measurements indicate that the sulfur is burried underneath the
carbon layer. The averaged relative difference between these intensity ratios (
∆IC 1s /IS2p
∆θ
) for each layer is
depicted in viewgraph (b). A similar but even stronger trend is observed for the C1s/Au4f . The thickness of
each individual DTC layer is determined from the slope in the intensity ratio and correlated for all CnDTC
layers with high precision.
profiles of the inner shell electrons and hence the relative sensitivity factors of the respective
orbitals remain unchanged too. In figure 8.36 the chosen take-off angles are visualized along
with the respective effective layer thickness as a function of the nominal thickness d .
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To start with, a comparison of the peak intensities of the C1s and S2p levels is performed.
In figure 8.37 (a) the intensity ratio shows two clear tendencies. First, the carbon signal is
increased with increasing chain length. This result is already known from the stoichiometric
analysis in normal emission and has to expected since the carbon content of the surface rises
with the carbon content of the amine reactant.
Second, the carbon signal becomes stronger with respect to the sulfur signal for higher
tilt angles. Hence, we conclude that indeed the majority of the sulfur atoms are burrowed
beneath the carbon layer. This is expected for a monolayer with the sulfur groups bound
to the metal surface. Moreover the trend is seen for each of the CnDTC compounds and
becomes most pronounced for the largest alkyl chain. The mean value of the difference
between the intensity ratios measured for two ascending angles serves as a useful quantity
∆IC 1s/IS2p =
N∑
i=1
IC 1s/IS2p (θi )− IC 1s/IS2p (θi−1)
N
; θi > θi−1 (8.38)
It can be seen from the trend depicted in figure 8.37 (b), that the sulfur signal attenuation
upon tilting increases with the alkyl chain length. Thus the main carbon content grows above
a burried sulfur layer. A quantitative analysis of the depth of the sulfur layer is inhibited by
the high uncertainties in the sulfur intensity. Yet, these results provide important evidence
that the film formation takes place by the chemisorption of the dithiolate group to the metal,
while the top layer consist mainly of the backbone side chains of the DTCs.
In contrast to this finding the top layer can be modeled by the evaluation of the carbon
peak normalized to photoemission from the substrate underneath. If the dependence on the
kinetic energy (Eki n =O (1keV)) is neglected and a single layer system assumed, the measured
intensity of the underlying layer Iu in (8.34) transforms to [332]
Iu = Iu,0 exp
(−deff
λ
)
= Iu,0 exp
( −d
λcosθ
)
. (8.39)
In contrast to this the intensity of the top layer It rises as the volume of emission is increased.
If It ,∞ denotes the maximum intensity for a bulk layer (≈ 10nm in PES), It amounts to
It = It ,∞
(
1−exp
( −d
λcosθ
))
. (8.40)
Again the dependency on Eki n is neglected. Hence the attenuation length is assumed to be
the same for the top layer and bottom layer. Then, the intensity ratio between the signals
from the overlayer and the substrate can be expressed by
It
Iu
=
It ,∞
(
1−exp
(
−d
λcosθ
))
Iu,0 exp
(
−d
λcosθ
) = It ,∞
Iu,0
(
exp
(
d
λcosθ
)
−1
)
. (8.41)
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Thus, the normalized intensities I∗u = Iu/Iu,0 and I∗t = It /It ,∞ yield
ln
(
I∗t
I∗u
+1
)
= d
(λcosθ)
(8.42)
If we assume that Iu,0 = It ,inf=I0 is the maximum intensity accounting for the element-specific
RSF, equation (8.42) is simplified to
ln
(
It
Iu
+1
)
= d
(λcosθ)
, (8.43)
employing only the measured intensities. Thereby, uncertainties with respect to deviations in
absolute intensity between two different measurements - related to the sample and the sys-
tem calibration - are avoided. De facto the overlayer photoemission intensity is normalized
to the photoemission intensity of the substrate.
Before applying the model to evaluate the measured samples another consideration has to
be made. The Au-SAM structure can be interpreted as a three layer system consisting of a
bottom layer continuum u of Au, a varied top layer t of C and an constant intermediate layer
i m representing the sulfur moieties (see figure 8.38). Strictly speaking, the carbon atom of
the former CS2 molecule is situated in close vicinity to the sulfur layer while the nitrogen
atom, which was not mentioned so far, is incorporated at the bottom of the carbon layer.
Both influences are so weak, though, that they can be neglected. Neither the single slightly
"off-site" carbon nor the lone nitrogen atom contributes significantly to the photoelectron
attenuation. The intensity which originates from these two atom sites is even so low that it is
hardly detected in the XPS signal, especially for the tilted sample. Instead, the arrangement of
the sulfur layer represents a true obstacle for the application of the formula since it is unclear
where the unbound sulfur is located.
Hence, the intermediate layer is incorporated into (8.43) by adding an additional attenua-
tion factor cu for the intensity of the photoelectrons which are emitted from the substrate.
The layer exhibits a constant physical thickness di m which in turn experiences an effective
enlargement under a tilt angle θ. Thus the attenuation factor corresponds to
cu = exp
( −di m
λcosθ
)
, (8.44)
ultimately leading to
ln
(
It
Iu
exp
( −di m
λcosθ
)
+1
)
= d
λcosθ
. (8.45)
Figure 8.38 depicts the proposed intermediate layer model in comparison with the ordi-
nary single overlayer model, which is commonly applied in epitaxial growth and monolayer
experiments [333] [335] [332, 336].
In the specific case of CnDTC monolayers on gold the increase of the alkyl layer thickness
with the of methyl units is the focus of this investigation. Therefore, the right hand side of
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Figure 8.38: Model of the thickness determination for a thiolate overlayer system (left) and a dithiocarba-
mate monolayer system (right). In the first case only the attenuation of the emission from the substrate
produces the estimate of the monolayer thickness, whereas in the intermediate layer system at least the
intensity of the top layer and the substrate are put in relation according to (8.45). The intermediate layer
induces an "extra"-attenuation which only affects the gold photoelectrons and yields an intensity decrease
of cu .
(8.45) is expanded by n and plotted against this chain length number. In consequence the
slope from the plot of
ln
(
It
Iu
exp
(
dim
λcosθ
)
+1
)
= d
nλcosθ
n (8.46)
yields the layer thickness per chain unit
d/n =λcosθ
∂
(
ln
(
It
Iu
exp
(
dim
(λcosθ)
)
+1
))
∂n
. (8.47)
Thereby dim is determined as a fit parameter which minimizes ∂(d/n)/∂θ as well as the
intercept at the ordinate - since (8.46) equals zero due to It (n = 0) = 0. In principle this
analysis already holds for the CnDTC sample series measured at normal emission with
cosθ = 1. However, it would be impossible to reliably fix the thickness of the thiolate groups
dim in this case. Hence, the dependence on θ leads to the appropriate confidence of the
findings. Table 8.15 summarizes the results of the conducted measurements and evaluation
from figure 8.37 c. The average chain fragment thickness amounts to
d/n = 0.74±0.05Å/methyl unit (8.48)
The obtained values for the monolayer thickness are in the same order of magnitude as the
molecular length, if the molecules are assumed to stand in an upright position with the
C-N axis pointing out of the sample surface. Apparently the side chains arrange in a tilted
geometry and are even located over the adjacent unit cells for the larger DTCs. Deviations
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θ = 0 ◦ θ = 40 ◦ θ = 65 ◦
slope 0.0242±0.0009 0.0341±0.0025 0.0579±0.0014
intercept 0.06±0.01 0.10±0.02 0.18±0.02
d/n [Å] 0.73±0.03 0.78±0.07 0.073±0.05
Table 8.14: Calculated fit parameters of the ARXPS data, extracted from figure 8.37 (b). The monolayer
thickness per methyl unit is generated from the product of slope of (8.46), cosine of θ as well as the
attenuation coefficient λ = 30±2Å which is taken from [333]. The alkyl layer gains linearly in thickness
with the number of added units to the side chain over the whole fit range. This is a clear indication that no
pronounced conformational reordering takes place for long chained DTCs. A well matching compliance of
the measured values is achieved for the three detection angles.
dim d/n dC2DTC dC4DTC dC6DTC dC8DTC dC10DTC
Experiment 2 Å 0.74 Å/m.u. 3.5 Å 5.0 Å 6.4 Å 7.9 Å 9.3 Å
Theory 1.9 - 2.5 Å 0.61 Å/m.u. 4.22 Å 5.50 Å 6.58 Å 7.99 Å 9.00 Å
Table 8.15: Calculated SAM thickness from ARXPS and DFT data with an standard error of 0.3 Å on the
experimentally determined values. The intermediate layer approximately amounts to the mean of the Au-S
bond length (2.5 Å) and the S-N distance (≈ 1.9 Å) which is an estimate for the theoretical value. Thereby
the error estimation of the coverage determination is confirmed. The complete CnDTC layer thickness is
composed of dim and n times d/n according to the linear increase which is approved in the ARXPS data
series. The theoretical values depict the components from the bottom carbon atom to the top carbon atom
along the C-N axis which is supposed to be oriented perpendicular to the sample surface. Furthermore, the
Au-S bond length is added to the theoretical value to account for the adsorbed monolayer.
from this model can be reasoned by a combination of fit errors, the absence of the ideal
monolayer in the experiment and the approximations made. For instance it is of uttermost
importance to keep in mind, that the faces at which the layers are separated in the isotropic
model are not as sharply defined as depicted in 8.38. Especially the fitted value dim can only
be understood as an estimate of the intermediate layer thickness.
Nonetheless, the method confirms the formation of the CnDTC monolayer. This layer con-
sists of molecules being oriented with the C-N axis perpendicular to the gold surface and the
side chains almost unchanged from the relaxed structure in the isolated molecule.
8.3.2.5 Surface Energetics of CnDTC SAMs
The subsequent analysis of the surface energetics of the SAM covered gold substrates serves
two distinct goals.
• The determination of the quality of the monolayer grown. Gauge defects and im-
proper film formation with oxidation effects or inclusions of impurities usually induces
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changes in the surface energy [141]. A constant SFE throughout all samples produced
of one material provide a fast and reliable way to exclude significant defect densities in
the SAMs.
• Conditioning of electrode surfaces for organic thin film growth. Beside the electronic
coupling between metal surface and the active organic semiconducting layer across the
SAM the growth of the organic layer is directly affected by the energetics of the surface.
The growth of organic thin films is known to depend crucially on the wettability of the
underlying substrate [19] [337] [72] [123] [71]. The resulting changes in morphology and
structure affect the optoelectronic properties and in turn the performance of possible
devices for both electrodes and insulating layers [126, 338, 339]. Therefore, the tailoring
of the surface energy properties is a key parameter to control the device characteristics.
Of course, the starting point is to accurately measure the surface free energy of the SAMs,
which provides another good quantity to characterize the SAM quality.
For this purpose usually a rough estimate of the surface energetics is already available from
simple contact angle experiments. Such studies yield the wetting behavior of a given surface.
Without even accurate knowledge of the SFE value the contact angle of a water droplet is
supposed to remain the same for each sample of the same SAM.
For the qualitative evaluation two very different but relevant scenarios are discussed in the
following. First, an atomistically clean gold surface with light adsorbates from the ambi-
ent will wet immediately as soon as a water droplet is brought in contact. Second, a fully
alkanethiolate covered Au substrate forms a passivated surface. Hence, the contact angle
will be very large. Indeed, Bain and coworkers determined water contact angles for various
alkane systems as well as octadecanethiol (C18H37SH) SAMs on gold [145] and measured
water contact angles on the order of 110 ◦. These values can be considered as a reference for
a fully passivated methyl surface, with no further influence from the underlying substrate.
The angle of 110 ◦ equals the value measured for parrafin wax (blend of long chain alkanes).
Still, perfluorinated compounds or nanostructured surfaces are known to form even better
passivated surfaces, for instance ( φ> 170 ◦) [340]. In contrast, improperly formed SAM sur-
faces yield lower contact angles. So far, the limit for isotropic homogeneous alkane surfaces
is given by a water contact angle of φmax = 110 ◦. Applying Zismans approach
1+cosφ= 2
√
γsv
γl v
(8.49)
with γsv being the surface free energy and γl v the water surface tension a good estimate of
γsv is obtained [341]. The lower limit of the surface free energy for alkane systems γsat hence
is in the order of 19 N/m2 [145].
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Figure 8.39: Surface Free Energy (SFE) of CnDTC monolayers on Gold. The SFE is considerably lowered with
increasing alkyl chain length. The surface passivation is almost complete at C8DTC and does not change
anymore for the transition from C10DTC to C18DTC. The saturation value γsat is also achieved on surfaces
of bare long-chained alkanes, paraffin wax and octadecanethiol (C18H37SH) on Au [145].
To enable a precise comparison, an accurate value for the surface energy of the particular
CnDTC-SAM/Au Systems is required. A more sophisticated fit for the surface tension is given
by the equation of states approach according to Kwok and Neumann [342]
1+cosφ= 2pγsvγl v e−β(γl−γs )
2
(8.50)
with the empirical constant β= 1.247×10−4 m4mJ−2. The reliability of the fit can be improved
significantly by employing a set of different test liquids thereby parameterizing γl v . Hence,
we have utilized water and different ethylene glycol/water compositions are employed as
described in section (4.3).
Viewgraph 8.39 shows the surface free energies determined for the CnDTC covered gold
substrates. A very clear trend towards lower surface free energies with increasing chain length
is observed. Starting from an intermediate surface free energy of 45 mN/m for C2DTC the
saturation value of linear alkanes is already almost reached for C8DTC. The dioctadecyldithio-
carbamate(C18DTC) SAM is the lower limit for the surface free energy of DTCs at 19 mN/m
This is in line with values found for the comparable octadecanethiol [145]. These results are in
line with contact angle measurements performed by Zhao et al. for a set of dithiocarbamate
monolayers on gold. He found a water contact angle of 108 ◦ which corresponds to γsat for
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didecyldithiocarbamate (C10DTC) on gold [224]. Furthermore, the SFE of dimethyldithiocar-
bamate (C1DTC) was quantified in this publication. There, Zhao found a water contact angle
of 60 ◦ which yields an estimated surface free energy of 41 mN/m. This almost corresponds to
the value for C2DTC investigated in this work with a slight deviation towards a lower value.
Yet, the deviation can be explained convincingly by the following two consideration. First,
Zhao measured advancing instead of static contact angles, which are always slightly higher.
Second, if C1DTC forms a well ordered SAM, the CH3 group points out of the surface plane,
while in C2DTC the group is angled parallel to the surface plane. This odd–even–effect as it
was already discussed in the FTIR section - is known to yield higher contact angles for odd
alkane groups, which are thereby "more passivated" [319]. The latter effect already lowers the
SFE by about 1-2 mN/m.
In conclusion the findings do not only confirm the reproducible formation of CnDTC SAMs.
The data also are in line with the preceding FTIR and XPS analysis. With increasing chain
length the alkyl top layer becomes more passivated. The methyl stretching modes are stabi-
lized since conformational disorder is reduced, whereas the carbon content in the top layer
rises with n. Furthermore, the analysis serves as a perfect starting point in tailoring the SFE
of gold electrodes for the growth of subsequent layers. A pronounced wetting behavior of a
thin film deposited on top is expected for C2DTC covered gold electrodes, while C10DTC Au
surfaces would depict a far less adhesive substrate. Consequently, island growth is preferred
in the latter case.
8.3.3 Electronic structure investigation of CnDTC on Au
In the preceding section the formation of CnDTC SAMs on Au was verified. Still, the change
in the electronic structure, the original purpose of SAM application, is to be quantified in
this section. The principal question which arises within this context is, does the prolongated
chain length of the alkyl group change the binding energies and band width of a molecular
orbital with respect to the metal Fermi level? The position of the Fermi level with respect to
the vacuum level, i.e. the work function is one of the most important quantities for electrical
interface engineering. Again, the question can be formulated, does the transition to longer
alkyl groups change the work function of the system?
Therefore, the UPS spectra of the films are correlated with quantum chemical calculations.
First, the features are assigned by DFT calculations of the isolated molecule and, second, by
DFT calculations of a SAM-gold periodic supercell configuration. Beside the quantification
of the molecular orbitals, the surface potential is directly generated from this analysis to
account for work function changes.
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MO C2DTC C4DTC C6DTC C8DTC C10DTC
lp 1.3 1.3 1.2 1.2 1.2
pi1 1.7 1.6 1.6 1.6 1.6
pi2 2.7 2.6 2.6 2.6 2.6
σ1 4.9 4.5 4.2 4.0 3.8
σ2 5.1 4.6 4.4 4.0 3.8
σ3 5.3 4.7 4.5 4.3 4.2
σ4 5.8 4.8 4.6 4.4 4.3
σ5 6.0 4.9 4.7 4.5 4.4
σ6 6.3 5.1 4.7 4.5 4.4
σ7 6.6 5.2 4.8 4.6 4.5
σ8 6.8 5.4 5.0 4.6 4.5
Table 8.16: Calculated occupied molecular orbitals and energy eigenvalues (in eV) of neutral hydrogen
terminated di-n-alkyldithiocarbamate molecules. The data is generated by DFT calculations employing
the commonly employed B3LYP functional in combination with the 6-31G+(d,p) Pople basis. All values are
defined as positive binding energies. The MO energy values are rigidly shifted so that the first measured
peak in the UPS spectra is assigned to the HOMO with respect to the Fermi level EF = 0eV. The important
first three orbitals (sulfur lone pair and pi-type) remain invariant for a variation in n, whereas the newly
emerging σ-levels accumulate at lower binding energies for increasing chain length.
8.3.3.1 Energy level alignment
In figure 8.40 a the UPS spectra of the SAM covered gold substrates are shown. All spectra
are recorded by the Phoibos 100 analyzer equipped with a multichanneltron detector at the
ORPHEUS system at an excitation energy of 21.22 eV (He I emission). The reliable determina-
tion of the work function is facilitated by a sample bias of 5.15 V for an additional electron
acceleration. The pass energy of 8 eV enables an energy resolution of approximately 200 meV.
The energy axis is assigned to positive binding energies and is referenced to the high kinetic
energy onset of photoemission at the Fermi edge.
Qualitatively all spectra can be divided into two regions as already done in the previous
section. In the energy range from 0 eV to 5 eV three features are observed for each CnDTC
layer at 1.3 eV, 2.6 eV and 4.4 eV that existed in C2DTC. The first peak centered at 1.3 eV below
the Fermi edge is assigned to the molecular HOMO and extends over the HOMO-1 which is
only 0.3 eV apart from the HOMO position. Meanwhile the feature at 2.6 eV is interpreted
as a combination of the Au d-band and the HOMO-2 state whereas the peak at 4.4 eV is a
remaining d-band. For a convenient comparison the position of the calculated molecular
orbitals are depicted in the lower part of the same viewgraph. While the position of the first
three occupied molecular orbitals remain at a constant eigenvalue upon changing n. The
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Figure 8.40: Complete UPS spectra (top) and MO energies (bottom) of the CnDTC series. A similar behavior
is observed for the DTC layers in the region down to 4 eV below the Fermi edge (EF = 0eV). The MO
eigenvalues remain unchanged on increasing chain length while the photoemission signal of the valence
band is attenuated by the thickening layer but keeps a constant shape. At higher binding energies the peaks
become less sharp due to the higher density of σ orbitals in the long chained DTC layers. Moreover a shift
towards lower binding energies is observed for the σ-orbitals which are quantified in table 8.16
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absolute intensities I decay from the maximum intensity I0 with increasing chain length due
to the attenuation of the photoemission signal in isotropic media of thickness d
I = I0ed/λ (8.51)
A detailed discussion on the attenuation length was carried out in section 8.3.2.4. However,
for a similar treatment of the UPS data the inelastic mean free path, which corresponds to the
attenuation length, of electrons at low kinetic energy needs to be considered. In the universal
inelastic mean free path curve of Seah and Dench an estimate for electrons at a kinetic energy
of ≈ 20 eV is given, which is considerably lower than for kinetic energies of 1 keV in XPS
measurements [331]. Thus an approximate value of λ= 5 Å is assumed. Still the quantitative
derivation of peak areas is not accessible due to the conceptual weakness of the inelastic
mean free path approximation. The signal attenuation is also affected by elastic scattering
for Eki n < 150eV. Thus errors in the order of a factor of 2 can be assumed. Furthermore, the
secondary photoelectron backgroud is rather unpredictable but still influences the emission
at Eki n ≈ 20eV. It was shown before in this work, that this background can be approximated
by an exponential decay function but cannot be eliminated completely.
Still the attenuation observed is an expected qualitative finding. It implies, that in this energy
range the measured intensity originates from electronic states which are mainly localized at
the gold interface or at least close to this interface. Thus, the corresponding photoelectrons
traverse the whole molecular layer whose thickness increases with the number of methyl
units. While the gold 5d electrons originate from below the Au-SAM interface the HOMO,
HOMO-1 and HOMO-2 are localized on the DTC docking group. Hence, the correct assign-
ment of the frontier sulfur lone pair and pi molecular orbitals in the spectra is confirmed.
The situation is different for the emission in the second range, from 5 eV to 11 eV. While clearly
accentuated σ states were found for C2DTC already, the features become broader and more
intense as compared to the secondary electron background. Again, this finding is in line with
the calculated MO structure. The increased number of σ states for large n represents the
degenerate sp3 orbitals of the alkyl carbon atoms. The eigenvalues of these orbitals are found
between 5 eV and 9 eV binding energy. However, for the isolated molecule the accumulation
point of this distribution is found at slightly above 5 eV binding energy. It shall be emphasized
that this value corresponds to the rigidly shifted MO energies, when the HOMO is assigned to
the first visible peak feature at 1.3 eV binding energy. Compared to the UPS spectra, this value
is slightly too low. This small difference can be attributed to the alignment of the HOMO
level. While the σ states essentially are decoupled from the Au surface, the pi and sulfur lone
pair states are localized on the docking group. Therefore the chemisorption directly affects
the position of these orbitals and induces a formation of mixed metal/molecule electronic
bands. A similar effect was already observed in the comparison of benzylmercaptan with
dithiobenzoic acid. Thus the determination of the correct electronic structure for the frontier
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orbitals requires an computational investigation of the joint electronic system of the Au
surface and the molecular SAM.
Hence, DFT calculations on all CnDTC molecules on Au surface are conducted for the densely
packed 2×3 overlayer structure. The PDOS is plotted in figure 8.41 together with the UPS spec-
tra in the energy region between EF and 11 eV binding energy. The progression of the PDOS is
closely related to the previously found evolution of the molecular orbitals with increasing
chain length in the isolated molecule. The PDOS in the region of the interface state (MMIS)
and pi-bands between 1 eV and 5 eV is almost identical for the different dithiocarbamates.
This perfectly matches the findings of the UPS spectra, which simply imply an exit length
attenuation in this region. The contribution of the σ-states is increased with increasing
alkyl length which explains the degrading peak shapes in the region between 5 eV and 11 eV
binding energy.
8.3.3.2 Work function change
It is common procedure to derive the work function from the difference of the onset of the
photoemission at the low kinetic energy limit (ionization thershold) and the excitation energy.
Φ=ħω−VI T (8.52)
The experimentally determined work functions are listed in the first row of table 8.17. All
CnDTC compounds show a pronounced reduction of the work function. Yet the record value
of 3.2 eV is not achieved for the other dithiocarbamates which yield work functions in the
range of 3.5 eV. However, the calculations show a slightly different trend. In the densely
packed monolayer calculations a constant value of 3.1-3.2 eV is found for each n [316]. Thus,
regardless of the alkyl chain length, which does not change the molecular dipole nor the bond
dipole, the work function change should be the same. The alignment of the work function
is hence independent on the chain length. However, a change in the work function can be
related to the areal density surfactant molecules as it was already proven for C2DTC.
The relatively low surface coverages of CnDTC SAMs can be held responsible for the less
pronounced dipole layer. A simple quantitative extrapolation of the relation between work
function shift and surface coverage is not feasible since a reasonable depolarization factor for
each chain length would be required.
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Figure 8.41: Magnified view on the UPS spectra (top) and calculated projected density of states (bottom)
of the CnDTC series. The previously found results for the isolated molecules are confirmed. The region
shortly below the Fermi energy (down to 4.5 eV binding energy) stays the same for each CnDTC molecule, as
only the DTC group related metal-molecule interface state and pi-states are located in this spectral region.
Accordingly, the signature is dampened significantly due to the increasing alkyl layer thickness, which leads
to electron attenuation. Instead, the signal of the σ-bonds is also increased and broadened in the PDOS,
which – again – is comparable to the signal observed in the UPS spectra.
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Surface system bare Au C2DTC C4DTC C6DTC C8DTC C10DTC
Work function (meas) [eV] 5.2 3.2 3.5 3.5 3.5 3.5
Work function (calc) [eV] 5.2 3.1 3.2 3.2 3.2 3.3
(densely packed)
Table 8.17: Work function of CnDTC covered Au surfaces derived from the UPS spectra. The remarkably low
values compared to the clean gold surface indicates the presence of a strong dipole layer. Empirically this
effect can be correlated to the high density of Au-S bonds and the oriented molecular dipoles. The higher
values of the CnDTC SAMs can be attributed to the slightly lower surface coverages, which were already
shown to affect the work function change in C2DTC.
Figure 8.42: (left) All CnDTCs show a pronounced reduction in workfunction. At larger chain lengths the
measured work function is slightly higher and shows an offset to the calculated workfunction due to the
reduced surface coverage. However, the calculated work function shows the same trend with increasing
chaing length. (right) Calculated bond dipole and intrinsic dipole remain almost constant for all CnDTC
molecules. A slight tendency to lower values for an increasing number of methyl units is observed. As
expected the long alkyl chains do not significantly affect the depolarization and bond dipole. Hence, all
CnDTC SAMs are expected to yield similar improvements for the electronic alignment in devices.
8.4 PTCDI-C13 Based OTFTs with Dithiocarbamate
Primed Gold Electrodes
Eventually DTC monolayers were employed as device electrode functionalization. For this rea-
son OTFT test devices with an active layer of N,N’-ditridecylperylene-3,4,9,10-tetracarboxylicdiimide
(PTCDI-C13) are studied in this section. PTCDI-C13 was introduced earlier in section 2.1 as a
benchmark n-type transport material in organic thin-film transistors and solar cells. The very
low lying HOMO level essentially inhibits an effective p-type transport and especially the in-
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jection of positive charge carriers from conventional electrode materials (Φ=O (4−5eV)). On
the contrary, the low lying LUMO level leads to a relatively low injection barrier for electrons.
Within this study, first the interaction between the Au surface and the PTCDI-C13 is described.
This helps to understand why the DTC modification for should provide an effective electronic
coupling of the active organic layer to the metal electrodes. Subsequently, the growth of the
PTCDI-C13 layer is characterized to account for possible structural changes which - if appar-
ent - could influence the optoelectronic properties of the PTCDI-C13 layer substantially [71].
Eventually OTFT devices with and without DTC SAM modified gold electrodes are compared,
in order to quantify the impact of the surface functionalization on device performance.
8.4.1 Electronic Interaction at PTCDI-C13/Metal Interfaces
The electronic interaction between gold and PTCDI-C13 is classified by a joint UPS/XPS in-
vestigation. In the scope of the diploma thesis of Daniel Gebauer the photoemission spectra
of a growing layer of PTCDI-C13 on Au has been studied [200]. The results are summarized in
this subsecton. A PTCDI-C13 layer with a thickness of 8 Å is deposited by organic molecular
beam deposition (OMBD) on top of a freshly evaporated gold film in the ORPHEUS system.
Hence, the Au film is considered atomically clean due to the in-situ transfer from the met-
alization to the organic deposition chamber, both held at a vacuum pressure of 10−9 mbar.
An intermediate deposition rate of 1 Å/s is chosen with the substrate being held at room
temperature. The chosen layer thickness corresponds to the approximate thickness of a
physisorbed PTCDI-C13 monolayer on a metal surface. Kaneda et al. found that in particular
on gold the first molecular layer arranges in a flat lying geometry with the tridecyl chains
sticking half-way out of the surface plane [116].
Subsequently, the sample is measured in the analysis chamber of the ORPHEUS system.
Analogously to the previous measurements of the SAM systems the monochromated AlKα
radiation is employed for the XPS spectra (Epass = 90 eV, ∆E = 3 eV and Epass = 20 eV, ∆E = 1 eV
for survey and high resolution scans, respectively). The UPS spectra in turn are generated
with the He I line as excitation energy (Epass = 8 eV, ∆E = 200 meV).
In a subsequent step, the layer is transfered back to the organic deposition chamber where
another 8 Å of PTCDI-C13 is deposited on top. Hence the layer thickness of the same sample
is successively increased by 8 Å.
8.4.1.1 Valence Band Analysis
The valence region of the PTCDI-C13/Au system exhibits evidence for injection barriers and
yields information on the type of electronic coupling. The UPS spectra of the PTCDI-C13
layers on Au are depicted in figure 8.43 with varying film thickness. Furthermore, the spectra
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Figure 8.43: UPS spectra of PTCDI-C13 thin films on Au (a). Viewgraph (b) shows a magnification of the
region around the Fermi edge (EF = 0eV). With increasing layer thickness the structure of the Au 5d bands is
diminishing. For thick layers the contribution of the σ orbitals in the alkyl chains with the onset between
4 eV and 5 eV dominates the spectra. Still an interface state (EIC T+) is seen at 1.5 eV for a nominal layer
thickness of 8 Å and 16 Å. At a larger layer thickness the pi-type HOMO is observed at a binding energy of
EHOMO = 2.5 eV. Apparent work function changes are further quantified in figure 8.45 a. Data acquired in
[200].
of a 250 Å thick PTCDI-C13 layer on gold is included, while the dashed orange line corresponds
to the sputter cleaned metal surface. In the context of photoemission spectroscopy the layer
with a thickness of 250 Å represents the surface of bulk material without further influence
from the underlying interface. However, Hayashi et al. could show that a minimal influence
on the position of the vacuum level of the organic semiconducting layer was still visible for a
layer thickness of up to 100 nm [343]. Still such deviations (∆E (O) 0.1 eV) do not perturb the
current analysis. On the right hand side of the viewgraph the spectral region below the Fermi
level, which determines the zero energy reference, is depicted at higher magnification.
Due to the long alkyl chains the spectra are dominated by the σ state emission with its onset
at a binding energy of EB = 5 eV. Obviously, the emission from the molecular σ bands rises
with increasing layer thickness, while the Au 5d photoemission is attenuated. The attenuation
of the underlying gold surface is also evident for the spectral region close to the Fermi edge
as seen for the magnified spectra. The damping of the Au 6p and 6s band photoemission is
clearly seen from the height of the step at the Fermi edge, which still remains measurable
up to a PTCDI-C13 layer thickness of 16 Å. Furthermore the occurrence of two additional
features is observed. First, for the thin layers (8 Å and 16 Å) a slight curvature is found, which
indicates the presence of a weak peak centered at around 1.5 eV. Second, at approximately
2.5 Å another small peak rises with the layer thickness and becomes visible at 24 Å. The first
feature is identified as an interface state, which was already seen for PTCDI-C13 grown on
epitaxial gold layers by Wan and coworkers [115]. This interface state is a first indication that
at least minimal chemisorption underlies the formation of the first molecular layers on the
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surface. In terms of the proposed models the state can be identified to be a positive integer
charge transfer (ICT) state at E IC T+ [89]. Of course, due to the indistinct shape of the peak
and the surrounding intensity from the Au sp bands, the transition to a accumulation point
in an induced density of interface states (IDIS) is seamless [136]. The position of the HOMO,
which is a pi state delocalized over the PTCDI core of the molecule matches the value of the
"bulk" sample.
Another important quantity is given by the work function change which is depicted in figure
8.45 a. The gold work function of 5.2 eV is spontaneously reduced to 4.3 eV and approaches
the limit of approximately 4.0 eV which is the value of the bulk PTCDI-C13 sample. According
to
EIP =Φ+EHOMO, (8.53)
the ionization potential amounts to EIP = 6.5 eV which is exactly the value of the calculated
ionization potential of the isolated molecule as Koopmans number from DFT computations
(E I P,calc = 6.45 eV) [115]. Of course two independent but unambiguous errors are canceling
out each other in this argumentation. On the one side Koopmans value does not account
for intramolecular potentials and relaxation energies which usually lead to higher ionization
energies. On the other side the measured UPS spectra originate from a solid state sample in
which the polarizability is higher than in the gas phase and hence the ionization potential
respectively lower [344]. In the picture of the ICT and IDIS model the main contribution to this
shift is determined by the adsorbed dipole layer with only negligible corrections accounting
for the charge transfer and position of the charge neutrality level (CNL), respectively. The
measured dipole layer correction of the work function amounts to
ΦD =ΦAu−ΦPTCDI/Au = 0.9eV. (8.54)
8.4.1.2 Core Level Analysis
In order to solidify the preceding findings the change in the position of the core levels is
traced. The plain XPS spectra of layers with variable thickness are depicted in figure 8.44.
Each spectrum is aligned to the binding energy of the Au4f level which is depicted as an inset
in the survey spectra.
To begin with, a proper layer deposition is confirmed by the stoichiometric analysis of the
XPS peak intensities according to equation (8.5). For both, the monolayer spectra and bulk
spectra, a match to the expected molecular formula is achieved. As a small deviation the
carbon content is slightly too large with respect to the amount of nitrogen and oxygen. This
effect originates from the attenuation of the photoemission from the nitrogen and oxygen
atoms which are in the lower part of the adsorbed molecules. Strictly speaking the alkyl
chains, which are oriented away from the surface, form a top layer which can be regarded as
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Figure 8.44: XPS spectra of PTCDI-C13 thin films on Au. The C1s level in a shows a clear shift to higher
binding energies upon increasing the layer thickness of the PTCDI-C13. Moreover the C1s level from C-O
coordinated carbon is broadened significantly in the monolayer regime due to the partial chemisorption of
the molecular oxygen moieties to the underlying metal surface. Analogously a similar strong shift is seen for
the O1s level in b. The nitrogen is also partially affected by the metal bond, thus the N1s level depicted in c
is shifted as well. The Au4f level remains at a constant energy indicating that no global charging effects are
observed. The relative shifts of each level is visualized in figure 8.45 b. The inset in the Au4f region shows
the survey spectra of the 8 Å layer, which does not exhibit any further impurities. Data acquired in [200].
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Carbon Nitrogen Oxygen
PTCDI-C13 (measured 8 Å) 91.2 % 3.8 % 5.0 %
PTCDI-C13 (measured 250 Å) 91.8 % 3.2 % 5.0 %
PTCDI-C13 (formula) 88.0 % 4.0 % 8.0 %
Table 8.18: Stoichiometry from XPS peaks intensities for PTCDI-C13 thin films on Au. The excess carbon
content originates from the top most alkyl chain which attenuates the photoemission from species that are
located underneath.
a plain carbon film4.
More strikingly the peak positions of the core level emission are changed with increasing
layer thickness. This tendency is captured in viewgraph 8.45 b. The Au4f level remains at a
constant value indicating that despite the growing molecular layer no charging effects are
envisioned between two measurements. The dominating C1s peak of the C-C and C-H-bonds
is located at 284.5 eV in the monolayer regime. This accounts for a shift by 0.4 eV to lower
binding energies with respect to the position of bulk PTCDI-C13. On the contrary, the C1s
peak resulting from the C-O double bonds is significantly shifted about 0.8 eV to a lower bind-
ing energy as compared to the binding energy of 288.3 eV in the bulk phase. This is consistent
with the shift of the O1s level of the neighboring oxygen by 0.9 eV to a higher binding energy
530.7 eV in the monolayer. The pronounced broadening of the C1s (C-O) and O1s peak in the
single PTCDI-C13 layer can be explained by the partial chemisorption character of the PTCDI-
C13-Au bond. In similar perylene and naphthacene diimide derivatives (PTCDI, NTCDI)
and anhydrides (PTCDA, NTCDA) the bond to the metal surface is conveyed via the oxygen
moieties in the molecule resulting in a slightly bowed molecular shape [345, 346, 347, 137].
The bond to the metal is established at a set of inequivalent binding sites which in turn lead
to slightly different ionization energies for electrons that are localized at the participating
atoms. In this case these are, first the carbon atoms which are adjacent to the oxygen atoms,
and second the oxygen atoms themselves. The N1s level is shifted analogously to the main
C1s feature. These findings provide further qualitative evidence for the partial charge transfer
from the metal substrate to the molecule which is proposed in the UPS analysis.
In summary the adsorbed aromatic molecules on the metal surface are characterized by an
almost negligible charge transfer and weak electronic coupling. The valence states do not ex-
hibit a distinct hybridization with the sp states of the underlying metal substrate. Presumably
this is regarded to be unfavorable for charge transfer across the interface, since the localized
interface states form deep interface traps [348, 349].
4Hydrogen is not traceable in XPS
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Figure 8.45: Work function (a) and core level (b) alignment of PTCDI-C13 layers on gold. The work function
exhibits an immediate drop by 0.9 eV and approaches the PTCDI-C13 bulk value with increasing thickness.
On the contrary, the core levels show a continuous shift towards lower binding energies with respect to the
binding energies in the bulk material, when the film becomes thinner. The magnitude of the shift is directly
related to the bond strength between the atomic species in the molecule and the gold substrate. Hence it is
most pronounced for the reactive oxygen groups and less significant for the carbon atoms.
8.4.2 Growth of PTCDI-C13 on Dithiocarbamate Terminated Gold
Surfaces
In the preceding sections the immediate electronic properties of both DTC monolayers as
well as PTCDI-C13 layers on Au have been described.
While the idea to improve the electronic coupling - and hence charge injection from the gold
substrate into the PTCDI-C13 film by a CnDTC interlayer - seems promising, a final issue
needs to be addressed. Liu et al. showed that the nucleation of perylene (C20H12) on a SAM
modified gold substrate is considerably different from the growth on a bare Au substrate
[350]. Ultimately the difference is most pronounced for low deposition rates (≤ 1 Å/s) but
still leads to a different structure of the organic thin film even at a deposition rate of 4 Å/s. In
another study Wan and coworkers confirmed that also for PTCDI-C13 the following ordering
effects can be observed in the monolayer regime. If processed at low deposition rates on
epitaxial gold layers, slightly different templating of the first PTCDI-C13 layer on the Au was
observed in STM experiments. Deviating from the hexagonal monolayer phase of PTCDI-C13
a rectangular packing motif on the alkanethiol SAM modified Au surface is observed for a
higher packing density [120].
Order and orientation of the first layers as well as the molecular density in turn affect the
electronic (and optical) properties [347, 84]. Finally these changes lead to changes in the
performance of the complete device. Therefore, it becomes a crucial task to determine the
structure of the PTCDI-C13 layer. However only little differences are expected given the fact
that structural changes are even small for epitaxial layers PTCDI-C13 [120]. In the case of
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Figure 8.46: Adhesion energy (Eadh) of PTCDI-C13 on CnDTC monolayer functionalized gold. While
relatively high adhesion energies Eadh are realized for small n, the value of the cohesion energy Ecoh of
PTCDI-C13 (Ecoh) is reached for C8DTC and C10DTC. Furthermore, this value marks the saturation for
the deposition of PTCDI-C13 on solid alkane systems [145]. This behavior is explained by the molecular
structure as the alkyl end groups define the surface properties of both, the CnDTC and the PTCDI-C13 layer.
realistic electrodes and polycrystalline evaporated gold films an even less significant effect
can be expected. But since the first layer is known to significantly influence the growth of
subsequent layers, potential changes could be traced in the thicker layers which are employed
in the OTFT experiments [339, 123].
8.4.2.1 Adhesion of PTCDI-C13 on CnDTC SAM covered Au
Christian Effertz was able to show that not only the surface free energy of the underlying
substrate, but more precisely the adhesion to the subsequently deposited layer can exhibit
a tremendous impact on the growth of the organic thin film [123]. The tendency for the
structure of the resulting layer can be estimated in the approximation of the kinetic growth
model. In the following, adhesion energies are always referred to the cohesion energy of the
deposited molecules. While the first denotes the tendency for the molecules to stick to the
surface, the cohesion energy describes the tendency for the molecules to stick to each other,
instead.
Low adhesion energies lead to rougher films as the surface diffusion D is increased. For a
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constant incoming flux F the island density N of molecular clusters decreases with [144]
N ∝
(
F
D
)χ
, (8.55)
according to the scaling relation with the positive scaling coefficient χ. This corresponds to
a larger critical cluster size, i.e. the impinging molecules traverse longer distances on the
surface to find stable binding sites. In the thermodynamic limit low adhesion energies lead
to Vollmer-Weber type island growth. In non-epitaxial growth this behavior is beneficial for
the crystalline quality, since large and well ordered clusters are formed [339]. Contrary to
this, high adhesion energies lead to a smoothening of the surface. The now rather immobile
molecules tend to stick at their respective adsorption site instead of forming large clusters.
For a uniform flux the substrate is covered with a first wetting layer of molecules. From there
on the situation changes as soon as the subsequent layers are deposited on top. The initial
adhesion energy is no longer relevant but the adhesion to the first molecular layer, leading
to a reorientation of the molecular compounds. However, the initial layer suppressed the
formation of larger conformal crystalline domains.
In order to apply this approach to estimate the film formation of PTCDI-C13 on the CnDTC
monolayers, the adhesion energy is determined by
Eadh = 2pγDTCγPTCDI-C13 exp
(−β(γDTC−γPTCDI-C13)2) (8.56)
with γDTC and γPTCDI-C13 being the surface free energies (SFE) of the DTC covered gold
substrate and a bare PTCDI-C13 surface, respectively. β is an empirical constant, chosen
as in equation (3.39). Thus, the surface free energy of PTCDI-C13 is determined by contact
angle measurements. Analogously to the CnDTC SAMs four test liquids are employed on
a sample series of evaporated PTCDI-C13 films on Au. For this purpose a layer thickness
of 50 nm guarantees that any influence of the gold substrate is effectively suppressed. The
cohesive energy of PTCDI-C13 is simply generated from equation (8.56) by exchanging the
SFE of the monolayer by a second time the SFE of PTCDI-C13 leading to
Ecoh = 2γPTCDI-C13 (8.57)
With the experimentally determined SFE γPTCDI-C13 = 20.7 ± 0.9 mN/m the cohesion energy
is calculated to Ecoh = 41.4 ± 1.4 mN/m. The value for the SFE of PTCDI-C13 is close to the
aforementioned limit of alkane compounds. This can be reasoned by the comparably long
alkyl chains of the PTCDI-C13 molecule which define the surface energetics.
The tendency of the adhesion energy on CnDTC SAM with an increasing number of methyl
units in the DTC alkyl chain is depicted in figure 8.46. The trend is exactly the same as for the
SFE of the CnDTC which can readily be explained by the functional form of (8.56). Additional
information is extracted from the comparison to the cohesion energy which is depicted as a
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dashed line in the viewgraph. For n ≥ 8 the adhesion energy is of the same order of magnitude
as the cohesion energy. If compared to perylene layers, larger and highly crystalline grains are
expected in this limit [350, 123]. In contrast to that, the adhesion energy becomes larger for
smaller n exceeding twice the PTCDI-C13 cohesion energy in the case of C2DTC. Therefore,
smoother films with smaller grains are expected in this limit.
8.4.2.2 Morphology and Structure of PTCDI C-13 films
In order to investigate the aforementioned expectations atomic force microscopy and x-
ray diffraction measurements are performed on the PTCDI-C13 thin films on bare Au and
on DTC modified Au. For this reason a layer of PTCDI-C13 with a thickness of 50 nm is
deposited on the CnDTC covered Au substrates in the ORPHEUS System. Analogously to
the first evaporation runs the system is operated at a base pressure of 5 × 10−9 mbar. The
evaporation temperature of the crucible is held at 220 ◦C which is slightly above the subli-
mation temperature at the given background pressure and yields a deposition rate of 1 Å at
the substrate position. Within a deposition run two additional reference samples, one on
freshly evaporated gold and one on SiO2 covered Si, are produced. In this way the differences
in layer growth on the CnDTC SAM can directly be derived with respect to the film on the Au
substrate. The other reference, the film on the SiO2, serves in monitoring a correct film growth
in the deposition process. In contrast to relatively rough evaporated Au surface (σr ms,Au ≈
1.5 nm) the roughness of the silica substrate amounts to only σr ms,SiO2 ≈ 0.3 nm. Hence the
film thickness can be determined from X-Ray diffraction experiments [351]. Furthermore,
PTCDI-C13 films are known to grow with highly crystalline order exhibiting a morphology
with stepped layers on silica substrates [71]. A distinct crystalline quality for the films grown
on Si is a further indicator that an unhindered deposition takes place. This holds especially
for organic impurities, which could be observed only indirectly in the XPS measurements.
Such contaminants, like molecular fragments and byproducts of the original PTCDI-C13, can
even be present in the sublimation purified material and would deteriorate the crystallization.
Now that the film characterization on silica confirmed a proper deposition process, the
film morphology of PTCDI-C13 on top of the DTC layer is investigated. In figure 8.47 the
AFM images of all PTCDI-C13 films are depicted. At first glance no significant changes
between the images with a 2 × 2µm2 scan size are observed. The similar z-scales already
indicate the absence of large monolithic grains. Even for the systems with a low adhesion
energy (PTCDI-C13 on C8DTC and C10DTC) no dewetting behavior is observed. Still minor
changes become apparent in a more detailed analysis scheme. For a closed layer an estimate
of the average lateral grain size is found from the height-height correlation function. This
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Figure 8.47: Atomic force microscopy images of a 50 nm thick PTCDI-C13 thin film on Au and CnDTC/Au.
Measurements are performed in tapping mode on a total scan area of 2×2µm2 with a lateral resolution of
5 nm. Despite the surface functionalization and modified adhesion energies the film growth remains con-
stant in terms of surface morphology on the CnDTC layer for each n and compares well to the morphology
of PTCDI-C13 on a bare gold surface.
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mathematical formulation is well known in the research field on fractal structures and related
topographic applications [352]. In case of the given problem of a lateral distribution of heights
H(x, y) = H(~x) and an average height < H > the correlation function in a point x0 can be
written as
C (~x)=< [H(~x− ~x0)−<H >][H(~x0)−<H >]>, (8.58)
averaged over each point of the surface ~x0. In the proximity of ~x0 and a gaussian roughness
profile the function is described by
C (r = |~x|)=σ2e−
(
r
ξ
2α
)
, (8.59)
with the Hurst parameter α ≈ 1/2 which describes the noisiness of the roughness σ. The
correlation length ξ is then given by the value for which
C (ξ)=σ2/e. (8.60)
This correlation length denotes the average distance for which two different islands can be
clearly differentiated.
Sample roughness and correlation length for the complete sample series are depicted in
viewgraph 8.48. With respect to the errors (∆σ≈ 0.5 nm, ∆ξ≈ 5 nm) no distinct tendencies
are envisioned for these two parameters, too. The roughness amounts to an average value of
4.2 Å for all samples while the average correlation length is 30 nm. As a single exception, the
roughness of the PTCDI-C13 layer on C2DTC on Au is significantly higher with σ≈ 6 nm. Still
this deviation is not significant enough to mark a clear tendency. At least in terms of surface
morphology the growth remains almost independent of the adhesion energy.
A further investigation by X-Ray diffraction is performed complementary to the surface
morphology characterization. First measurements in Bragg-Brentano geometry revealed that
only a very weak signal is detected at the (001) peak position. Presumably the order of the
PTCDI-C13 layer is not as high as for the film grown on silica. Hence, the film is measured in
grazing incident geometry after Seemann and Bohlin [353]. Therefore, a fix incident angle of
ω = 0.7 ◦ is chosen while the detector scans along the 2θ-axis in order to record the diffraction
pattern. In this way the intensity in a polycrystalline sample is increased considerably due to
the large scattering volume. In order to avoid off-specular scattering from the sample but still
benefit from an intensity gain a parallel plate collimator is employed in the diffracted beam
optics [354]. The corresponding spectra are depicted in viewgraph 8.49. While the absolute
intensities cannot be quantified in this geometry, the peak positions of the (001) and the (002)
peak are clearly visible. From these peak positions the lattice parameter in (001) direction
is derived, which amounts to d100 = 26.4±0.2 Å. This corresponds to the known PTCDI-C13
crystal structure. Due to the fixed lattice constant for all measured layers neither uniformly
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Figure 8.48: Root mean square roughness σrms and correlation length ξ extracted from the statistics of the
AFM scans of PTCDI-C13 on Au and on CnDTC modified Au. No quantifiable tendency is seen in the graph.
Comparable to the first visual impression of the scans in figure 8.47, the surface morphology is constant for
the whole sample series regardless of the underlying SAM modification.
strained films nor changes in the crystal structure occur. Especially the latter is often found
in PAH thin films which readily exhibit a thin film phase [355, 356]. Furthermore, it is feasible
to derive the peak width of the (001) peak. A value of 0.33±0.02 ◦ is found for each sample.
Hence, no traceable differences in non-linear strain effects or vertical grain size broadening
are seen within the sample series.
In summary it can be stated that despite the systematic variation of the adhesion energy
the PTCDI-C13 thin film growth does not show any significant changes in terms of structure
and morphology. At first glance this result seems surprising, since the adhesion energy was
changed by a factor of two by the transition from C2DTC to C10DTC. Yet the stable growth of
uniform PTCDI-C13 films can be understood from the relatively bulky molecular structure of
PTCDI-C13, which impedes a free movement across the surface. In a similar study Petit et
al. investigated PTCDI-C5 on silicon and on Alkyl-SAM terminated silicon [357]. They found
that even for the compound with shorter alkyl chains attached to the perylene core and on
surfaces which exhibit a 350 % change in the adhesion energy, no pronounced differences
were found. This pronounced invariance is also in good agreement with the work of Wan
presented earlier [115]. Even in the regime of the first monolayer of PTCDI-C13 on gold and
on modified gold the changes are minimal and surely negligible for multilayered systems.
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Figure 8.49: GI-XRD diffractograms of 50 nm PTCDI-C13 layers on gold and CnDTC SAM modified gold
surfaces. The (001) diffraction peak is clearly visible for all samples at 2θ = 3.32 ◦. At 2θ = 6.68 ◦ the (002)
peak is still noticeable but very weak and broadened due to the finite grain size (dmax ≈ 50 nm). These
peak positions are in good agreement with the lattice constant measured by Tatemichi [117]. From the (001)
reflection the peak width is derived to be 0.33±0.2 ◦ for all samples. The absence of pronounced peak shifts
and broadening effects indicate that no major structural changes occur within the sample series. Hence the
resulting structure is considered invariant upon adhesion to the CnDTC layer beneath.
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Figure 8.50: Visualization of the bottom-contact / bottom-gate OTFT test structure. The complete device
is produced in-situ in the vacuum system with attached glove box. For a comparison of electrode surface
modifications a whole series of devices with dialkyldithiocarbamates (CnDTC) covered electrodes is built
along with a test device comprising bare gold electrodes. A PTCDI-C13 thin film denotes the active layer.
The inset shows a close-up view of the organic/metal contact area with one possible configuration and
C2DTC for electrode functionalization.
Within this context it is noteworthy to mention that the diffusivity of PTCDI-C13 molecules
and the packing could be improved by a layer formation at elevated temperatures and post-
annealing experiments [358] [71]. Considering the adsorption on the CnDTC layer employed
in this work, the constant growth scenario provides the unique chance to elaborate the role of
the electronic alignment process which was found for the DTC SAMs. Since, no considerable
changes in the structure are detected any further changes in the device characteristics are to
be addressed to the reorganization of the electronic structure.
8.4.3 OTFT Device Fabrication
Therefore, the focus of the study is put on the production of fully functional OTFT devices
based on PTCDI-C13 as the organic active layer material. Gold contacts are chosen to relate to
the DTC surface functionalization. All OTFTs are produced in bottom contact configuration
to enable SAM application. The complete device is visualized in figure 8.50.
The sample stack is produced in the ORPHEUS system without breaking the vacuum, respec-
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tively the inert gas atmosphere, as follows. Highly n-doped silicon (n++) serves as substrate
material and bottom gate electrode in one. The surface of the polished silicon wafer is
thermally oxidized to grow a dox = 400 nm silica layer as gate dielectric. A further condi-
tioning of the dielectric is waived for the sake of reproducibility and possible perturbing
cross-contamination effects during SAM growth. Gold electrodes with a thickness of 50 nm
are evaporated through a shadow mask. Channel width W and length L amount to 500µm
and 50µm, respectively, leading to W /L = 10. In the next step the samples are transfered to
the glove box, immersed in ethanolic CnDTC solutions as described in section 8.3 and rinsed
with pure ethanol afterwards. Subsequently the samples are taken back into the vacuum
system where PTCDI-C13 is evaporated on top with the same deposition parameters as em-
ployed in the preceding section. A total layer thickness of 80 nm is deposited through another
shadowmask to cover just the region between the contacts. The chosen layer thicknesses of
the gold and the PTCDI-C13 film ensure that well conducting contacts are established while
the complete channel is filled with the active layer material up to the top facet of the gold
contact. Eventually, the samples are retrieved from the system and inserted in the Keithley
semiconductor characterization setup.
The whole process is conducted for six different sample configurations. For each CnDTC
SAM (n = 2,4,6,8,10) a set of OTFTs is produced. The sixth sample is made with unmodified
gold contacts which are also brought into ethanol while the other samples were immersed in
the SAM solution. In this way the growth of PTCDI-C13 layer in the channel is not changed
between the SAM modified and the unmodified samples. Similar to thiolate compounds,
dithiocarbamates do not condense in self-assembled monolayers on silica surfaces [143]. In
a test run, a silicon substrate covered with a native oxide layer has been immersed in C2DTC
solution and did not show any peculiarities in XPS scans. Particularly no sulfur content is
detected but a silicon, oxygen and carbon content with the latter being attributed to usual
physisorbed carbon monoxide and ambient hydrocarbons outside the vacuum system.
8.4.4 OTFT Device Characterization
All measurements at the Keithley semiconductor characterization setup are performed under
a flowing stream of dry argon to avoid oxidation. In order to measure a fully relaxed state -
i.e. with all electronic traps released - the sample is illuminated with a white LED for 5 min
[123]. In this way a reproducible measurement of the threshold voltage VT is achieved for
each sample. Since n-type transport is expected, a positive source-drain voltage VD of 20 V is
applied. The gate voltage VG is swept from -20 V to 80 V to measure the transfer characteristics
(ID,sat(VG)). The mobility is fit in the saturation regime according to the standard transistor
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Figure 8.51: Comparison of transfer characteristics of PTCDI-C13 based OTFTs of CnDTC primed gold
electrodes and bare gold electrodes. The exemplary hysteresis curve depicted for the bare Au OTFT in (a)
reveals that trapping in the semiconducting layer requires sample illumination prior to each measurement
in order to release the trapped charge carriers. All measurements in (b) mark one sweep of VG of the fully
relaxed device. Already at first glance the difference between the modified and the unmodified electrode
systems becomes apparent. Significantly higher drain currents are a first indication that the CnDTC
functionalization of the electrodes improves the device performance.
equation
ID,sat =µCox W
L
(VG−VT)2
2
(8.61)
with Cox = ²0²r,SiO2W ·L/dox being the capacitance of the silica in the channel area 5. Beside
the threshold voltage VT most importantly the mobility µ is extracted from this plot. The
hysteresis of the curve in figure 8.51 (a) which is dependent on gate voltage and measure-
ment time indicates that electron trapping occurs in the measurement. Thus for repeated
measurements the threshold voltage is shifted towards higher values. After another 5 min
of irradiation the sample with light in the off state (i.e. VG = 0) the initial measurement is
achieved again. Thus, no structural alterations or pronounced chemical poisoning during the
measurements takes place. Most probable localized charging in the form of self trapping at
the molecules or at the impurity sites dramatically impedes the channel conductance as the
effective capacitance is changed [126]. This behavior is hardly quantifiable and is known to
be efficiently suppressed by a passivating layer on top of the dielectric [126, 359, 71]. However,
the possible perturbation of the SAM construction could seriously falsify this study so that
the bare dielectric is employed instead. In the current case the focus on the characteristic of
the fully relaxed device is sufficient for a determination of the contact properties.
The transfer characteristics of the further samples are plotted in viewgraph 8.51 (b). Curves
recorded for the DTC covered substrates differ remarkably from the reference sample on bare
5²0 is the vacuum permittivity and ²r the dielectric constant of silicon.
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Figure 8.52:Device performance of PTCDI-C13 based OTFTs with and without CnDTC primed Au electrodes.
While the threshold voltage in (a) remains invariant upon electrode functionalization, the mobility is
considerably increased for SAM modified samples. The same holds for the non-linear contact resistance
depicted in viewgraph (b). The resistance is higher by about one order of magnitude for the uncoated
electrode system. With respect to the latter two quantities all CnDTC modified transistors showed a very
similar behavior. Solely C2DTC performs slightly worse due to a minimal mismatch between work function
and LUMO level, whereas in C10DTC the increased length of the insulating SAM backbone becomes non-
beneficial for the charge carrier injection.
gold contacts. In the same configuration the Ion/Ioff-ratio is changed by a factor of 3 to 4.
Within the DTC covered sample series no pronounced changes are observed. The progression
of the curves almost follows the same pattern and yields similar absolute values for ID . This
first qualitative impression is indeed confirmed by the evaluation of threshold voltage and
charge carrier mobility which are depicted in figure 8.52 a. First, the threshold voltage does
not exhibit a particular trend. All transistors switch at roughly the same voltage of 1.5±1 V. In
contrast to this behavior the mobility shows a significant change. The mobility of the OTFT
with bare gold electrodes amounts to 0.002 cm2/Vs which is close to the literature value of
PTCDI-C13 transistors on unmodified gold electrodes in bottom contact configuration. Hong
et al. found a mobility of 0.003 cm2/Vs but had an passivating layer of CYTOP underneath
the active channel area [129]. Hence, it is already remarkable to have reached a comparable
value on untreated silica. Beyond that, in the literature higher mobilities are only reported for
top contact geometries and thermally annealed devices [71, 260, 117].
Yet, for the samples investigated in this work an improvement in the mobility by a factor of
6 to 10 is achieved for the transition from plain Au electrodes to the CnDTC coated ones.
Again no direct trend for different alkyl chains can be observed. All SAMs improve the
device about equally regardless of the chain length. As a small but noticeable deviation the
mobility of the C2DTC covered and the C10DTC covered electrodes mark the lowest values
of the functionalized devices. This is remarkable since on the hand side the C2DTC on gold
system exhibits a very low work function of 3.2 eV. This is even lower than the LUMO level
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of the PTCDI-C13 which is located at 3.4 eV. Hence, upon the formation of the PTCDI-C13
to C2DTC/Au interface an E IC T− charge transfer state can be envisioned to emerge in the
PTCDI-C13 layer. This interface state in turn forms a barrier for the injection of free charge
carriers. Of course such an assumption is only valid in the integer charge transfer model
by Braun et al., when chemical binding of the organic adlayer to the SAM/metal system is
negligible [89]. Yet supposedly this is the case, so that the qualitative trend is reasonable [89].
For the CnDTC SAMs (n > 2) on Au a work function of ≈3.5 eV is measured, which marks a
better match to the LUMO level of the PTCDI-C13. On the other side the C10DTC modified
TFT shows a worse performance compared to C4DTC, C6DTC and C8DTC. This effect can
be explained by the increasing spacing between conducting electrode and semiconducting
organic layer. The alkyl chain depicts an insulating barrier that the charge carriers need
to pass for an injection process. Mujica and Ratner found that this particular transport is
well described by non-resonant coherent tunneling [156]. According to Salomon et al. the
conductance through the molecule is given by
G = 2e
2
ħ Tlc Tr c Tmol =
2e2
ħ T0e
−βd , (8.62)
where e is the unit charge, h Planck’s constant and Tlc Tr s = T0 the product of the transmission
on the left and the right contact which remain constant for each CnDTC SAM [360]. The
transmission through the molecule Tmol is given by the exponential expression and decays
with the SAM thickness d . The decay constant depends on the applied source-drain voltage
VD and amounts to
β= 2
p
2m∗α(∆Φ−eVD/2)
ħ2 . (8.63)
Therein m∗ denotes the effective mass of the charge carrier (i.e. electrons), α accounts
for the asymmetry of the molecule and ∆Φ = EF −ELUMO denotes the barrier height for
tunneling. Typically, β is of the order of magnitude of 1 Å−1 [360, 361]. Hence even though a
narrowing of the transport barrier due to molecular SAMs is beneficial, tunneling becomes
a competing factor for an insulating chain length > 1 Å. This behavior can also explain the
slight performance decay for the longest CnDTC molecule tested in this study, whose length
was confirmed to be of the order of 1 Å.
Moreover, the derivation of the previously reported device characteristics is a necessary step
for the determination of the contact resistance which amounts to
Rc = VD
ID
L
WµCox(VD−VT)
(8.64)
Thus, the contact resistance is not strictly ohmic and remains a field-dependent quantity
[74]. The progression of the contact resistance curves for the sample is depicted in figure
8.52 (b). The trend in the contact resistance is correlated to the device performance. Along
231
Chapter 8: Results and Discussion II: Interface Dipole Formation of
Dithiocarbamate Monolayers on Metal Surfaces
the progression of the whole curve, the contact resistance for the bare gold OTFT is about
one order of magnitude higher than for the C2DTC and C10DTC modified TFTs and even
more than for the OTFT devices with the other C4DTC, C6DTC and C8DTC SAMs. Again the
explanation provided above describes this tendency well.
Most importantly the alignment of the work function to the LUMO of the PTCDI-C13 enables
a significantly improved contact with respect to electron injection from the metal electrode
into the semiconducting layer. Alterations of the characteristics due to morphological aspects
can be excluded, due to the preceding investigation of the PTCDI-C13 layer. Instead, the
small deviation for C2DTC is by the small mismatch between work function and LUMO level
whereas, for an increasing chain length tunneling through the layer becomes a hindering
factor as already observed for C10DTC.
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Conclusion
In this last chapter a brief summary of the most striking results of this study is presented.
Milestones are described for each chapter and define an avenue towards precisely modeling and
tailoring organic/metal interfaces in organic electronics. Each of these milestones is validated
with respect to this goal and its relevancy in the scope of the research field. Eventually the
implications of the results presented for further investigations is given. Novel opportunities,
which arise from the findings, are identified along with a brief appraisal of their chances for
success. These include both research related questions as well as potential applications in the
semiconductor industry.
9.1 Summary
A summary of the accomplished results is visualized in the flowchart 9.1, which sketches the
route of this work. Starting with the first idea, a new surface modification has been looked for
in order to facilitate an ideal charge transfer between a given metal surface and an adjacent
molecular layer. The importance of this process has repeatedly been formulated in numerous
publications [260, 111, 34, 126]. From there on, the simplest and yet most promising task of
effectively modifying the electrostatic landscape of the metal surface is envisioned [32, 31].
Molecular SAMs are found to depict an easy, reliable and robust method to achieve this aim
[151, 84]. Hence, the search is confined to the identification of an optimized molecule for
self-assembly on top of metallic contact electrodes.
In previous studies thiolate SAM systems were identified for their good chemical coupling
properties to noble metal surfaces [221]. Therefore, a modified dithiolate compound is in-
vestigated. The application of aromatic dithiolates as gold surface functionalization with
potentially positive implications on charge transfer processes was already anticipated before
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Figure 9.1: Final synopsis of the goals achieved within this study.
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[228, 88]. Especially, the resonant carbodithiolate coupling group with a sulfur spacing that
matches the gold lattice constant is expected to promote a strong coupling. The precise defi-
nition of the electronic level alignment and the impact in real devices was yet to be unraveled,
though.
In Milestone I dithiobenzoic acid (DTBA) and benzylmercaptan (BM) SAMs on gold were
compared. Both molecules share a simple phenyl backbone, but are anchored to the underly-
ing gold by either a carbodithiolate group in DTBA or mercaptan in BM. The self-assembly
was confirmed for both molecular species by FTIR and XPS measurements. The relatively
weak FTIR spectra indicated an upright orientation of the molecules which was supported
by the high surface coverage found in XPS measurements. Moreover, the proper film stoi-
chiometry is verified by the XPS data record. Most interestingly, the energy level alignment
was observed in the UPS spectra and explained by density functional theory. The alignment
process was found to vary considerably between the two samples. While the BM SAM showed
the formation of a commonly known metal molecule interface state at 1.3 eV and comparably
low lying pi-bands, the interface state in the DTBA SAM extends to the Fermi level of the gold
substrate. In consequence, the more strongly hybridized pi-bands are found at lower binding
energies than in BM. Due to the more pronounced hybridization of the carbodithiolate group
with the gold states the charge transfer from the metal to the molecule is increased. This
results in a reduction of the work function by 1.6 eV for DTBA, whereas the work function
is only lowered by 0.9 eV in the case of BM. Hence, the carbodithiolate coupling chemistry
depicts a reliable way to establish a strong dipole layer which yields a pronounced reduction
of the work function. Thereby, relatively inert gold electrodes can be improved for electron
injection and could potentially substitute reactive and unstable alkaline metal electrodes
which are usually employed in organic photovoltaic devices and light emitting diodes [129].
Subsequently, it was shown in Milestone II that Pentacene based organic thin film transistors
(OTFT) exhibit superior device characteristics upon modification of the gold electrodes with
the investigated SAMs. The hole mobility was increased by almost a factor of 1.5 for both
surface modification up to a value of 0.14 cm2/Vs. The minimal improvement is expected,
as pentacene is already well known to facilitate high hole mobilities for unmodified gold
contacts [19]. However, as a strikingly new feature the devices showed ambipolar transport,
which is not the case for unmodified electrodes. This improvement is related to the reduction
of the work function which lowers the injection barrier for electrons and especially the den-
sity of traps at the interface [349]. Yet the electron mobility was in the order of 0.05 cm2/Vs
for both, DTBA and BM modified devices, with a slightly better performance of the DTBA
compound. Still, the differences are not pronounced enough in order to concludingly state
a clear superiority of the DTBA system. Up to this point, too many uncertainties regarding
possible structural changes of the pentacene film or etched gold electrodes remain. All in all,
the carbodithiolate group can be considered worth further efforts of investigation.
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Therefore, the focus is put on the alternative dithiocarbamate compound in the next Mile-
stone III. These compounds promise to be more robust and easy to handle. Moreover, they
exhibit a strong intrinsic dipole moment along the C-N axis, which would point out of the sur-
face, if the carbodithiolate linker group is properly bound to the gold surface [284, 225]. Three
different dithiocarbamates, the alkyl terminated diethyldithiocarbamate (C2DTC), the cylcic
piperidinedithiocarbamate (pipDTC) and the aromatic diphenyldithiocarbamate (phenDTC)
were investigated with respect to their suitability for surface modification. The growth of
pristine C2DTC and pipDTC monolayers was verified by FTIR and XPS measurements. In
the FTIR spectra the occurrence of the characteristic thioureide band and the absence of
C-N bending modes underline a perpendicular orientation of the surfactant molecules. The
energy level alignment was tracked in the UPS spectra and revealed the formation of an
interface state (MMIS) at 1.4 eV which is related to the sulfur lone pair orbital and broad
pi-bands at low binding energies between 1 eV and 5 eV. Even though the MMIS state is found
in the electronic structures of adsorbed thiolate compounds, the whole alignment process
differs from thiolate SAMs as well as carbodithiolate SAMs. This behavior can be explained by
the interplay between the former carbondisulfide group and the polarizing nitrogen moiety
in the amine backbone, which yields a unique electronic structure for dithiocarbamates.
The work function of the gold surface is lowered considerably by the combined effect of the
pronounced bond dipole, which is induced by the chemical Au-S bond and the strong molec-
ular dipole (2.8 D along the C-N axis). Thus, the functionalization of contact electrodes with
dithiocarbamates depict a powerful method to facilitate low injection barriers for electrons.
For C2DTC the value of the work function was lowered to Φ= 3.2 eV which is the lowest work
function measured for gold so far. Broker and coworkers found a similarly low value (Φ =
3.3 eV) for physisorbed layers of viologen [362].
These dithiocarbamates are further investigated with respect to a careful extension of the
backbone system in Milestone IV by increasing by adding ethyl groups in the secondary
amine. Stable SAMs of CnDTC (n = 4,6,8,10) were confirmed by FTIR and XPS spectroscopy.
Steric hindrance was found to aggravate the formation of densely packed SAMs. A decisive
model was developed to derive the SAM thickness from the ARXPS measurements. The
values obtained match the expectation for adsorbed molecules with an upright oriented C-N
axis and angled alkyl chains as confirmed in DFT calculations. This scenario was further
supported by the FTIR scans. UPS measurements showed that the same alignment process,
which was found for the fundamental DTCs in milestone III, is present in the CnDTC SAMs.
Due to the increasing and well quantified thickness of the alkyl chain layer the attenuation
of the frontier orbitals, which are localized at the metal-molecule interface, was identified.
The work function alignment is confined to values ofΦ≈ 3.4-3.5 eV, which was successfully
reasoned by the lower density of the more bulky dithiocarbamates. Interestingly, the surface
energetics were influenced by the prolongated alkyl chains, so that the surface free energy
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of a saturated alkane layer was reached in the case of C8DTC and C10DTC [145]. Therefore,
CnDTC compounds offer the potential to tailor the surface energy for subsequent organic
layer growth.
Eventually the influence of CnDTC modifications on actual organic field effect transistors
was tested in Milestone V. Therefore PTCDI-C13 based devices with CnDTC coated gold elec-
trodes were produced. PTCDI-C13 is well known to intrinsically facilitate n-type transport in
organic electronics [117, 71]. Within this work the coupling between PTCDI-C13 and gold
was to determined to be of a weak chemisorptive character which is in line with previously
published reports [115]. Yet this interaction regime is believed to be disadvantageous for
charge carrier injection [89]. On the contrary, the OTFTs employing dithiocarbamate modi-
fied devices showed a significantly improved performance and reduced contact resistance.
The formation of the strong interface dipole in the DTC SAM lowered the gold work function
to a level (≈ 3.2 – 3.5 eV) so that injection of electrons from the gold into the LUMO of the
adjacent PTCDI-C13 is facilitated. In conclusion, with dithiocarbamate surface modifications
an effective, reliable and easy to accomplish method was found to considerably improve
device functionality.
9.2 Outlook
Finally, the scope of further surface functionalizations in the field of organic optoelectronics
will be addressed. In this work it was demonstrated that a substantially improved device
performance can be achieved. Furthermore, this improvement was attributed to the energy
level and interface dipole alignment mechanisms. However, additional immediate tasks are
envisioned to complete the picture of electronic interface effects.
First, access to a description of the unoccupied energy levels is a primary goal. Inverse photo-
electron spectroscopy (IPES) provides a powerful tool to directly map the electronic structure
of the unoccupied bands [363]. In the past, this constantly evolving technology already
proved to yield detailed information on the molecular orbitals in organic solids despite the
conceptual challenge of bombarding the soft matter thin film with electrons [43, 364, 365].
Results from this technique would allow to immediately track the electron injection barrier
for the organic thin film and its reduction by the application of a SAM. Up to now, the precise
position of the LUMO is even hard to anticipate by calculations without a profound experi-
mental proof.
Then, the work at hand depicts a unique chance to move on to accurately calculate the charge
transfer mechanism across the interface. The present results mark an ideal starting point
for a non-equilibrium Greens function approach to identify resonant and coherent charge
transport channels [130, 88]. Still the major challenge remains to extend these results to real
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surfaces at which incoherent transport processes play a decisive role [34].
Another important goal is to increase the knowledge on the micromorphological arrange-
ments in the SAM layer. Scanning tunneling microscopy (STM) is recommended as an ideal
tool to unravel the true adsorption geometry of the molecule. Moreover, these experiments
can be extended to perform spectroscopic scans in order to map the electronic structure of
occupied and unoccupied states on an atomistic length scale [115]. Especially, the geometri-
cal relaxation in the subsequently deposited transport layer is an important aspect [347].
Moreover, the experiments should be expanded to further molecular systems. In particular
further modifications for the dithiocarbamate SAMs are envisioned. Stable DTC synthesis
with polar amines were presented earlier, though in another context [267]. A promising
approach is to even increase the dipole moment along the DTC in order to further decrease
the metal work function. Speaking of molecular engineering, the DTC core structure can
be seen as a fundamental engine which can be modified by additional end groups at the
SAM surface. These depict the gearing in order to match the subsequent layer. This match is
pursued for energetic issues, i.e. ideally tailored adhesion energies, as well as for electronic
issues, i.e. aligned energy levels [31].
In order to elevate these findings on a more universal scope, the coupling to further molecular
layers needs to be investigated. The present work focused on pentacene and PTCDI-C13,
which are not to be seen as exclusive compounds for organic electronic devices. The inter-
play with other molecules would further strengthen the understanding of organic/organic
interfaces, which become inherently important for heterojunction devices, e.g. organic solar
cells [122].
Moreover, the apparent importance and utilization of controlling interface dipoles should
provide the transition to alternative electrode concepts. At this point in time, additional
layers for the improvement of hole injection on transparent conductive oxide electrodes are
well employed in the industry [366]. Improved electron injection properties are still under
investigation, e.g. by the application of phosphonic acid coupled SAMs [367, 368]. Here, a
great potential awaits in applying the findings which are generated for dithiocarbamates to
these electrode designs.
In the end the results of this thesis might even help in the industrial production of transparent
OLEDs and semi-transparent OPVs. These brings the design of smart windows, which were
mentioned in the preface into reach; windows through which one day we might anticipate -
how this Technology changes our Life.
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Appendix
Table 11.1:Amount of material employed for Dithiocarbamate monolayer formation. The specified numbers
refer to a 50 mM solution of secondary amine and 25 mM solution of carbondisulfide in 10 ml ethanol. a
Since the melting point of didecylamine is 38◦C, the amount of material is given in mass, not volume.
molecule formula density [ gcm3 ] molar mass [
g
Mol ] volume [µl]
Carbondisulfide C S2 1.261 76.14 15.12
Diethylamine C4H11N 0.704 73.14 51.95
Dibutylamine C8H19N 0.760 129.25 85.03
Dihexylamine C12H27N 0.795 185.35 116.57
Dioctylamine C16H35N 0.799 241.46 151.10
Didecylamine C20H43N 0.795 297.56 (148.35 g)a
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Figure 11.1: Displacement patterns of the fundamental modes of vibration of C2DTC. The frequencies are
given in wavenumbers and have been derived within the harmonic approximation
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Figure 11.2: Displacement patterns of selected fundamental modes of vibration of (a) pipDTC and (b)
phenDTC, which are relevant for the SAM characterization. The frequencies are given in wavenumbers and
have been derived within the harmonic approximation
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